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This thesis explores fundamental design strategies in the field of synthetic ion
channel research from two different perspectives. In the first part the synthesis of
complex, shape persistent and thermodynamically stable structures based on metal-
ligand self-assembly is explored. The second part examines transport systems with
dynamic transport behavior in response to chemical inputs which more closely mimic
the dissipative assembly of Natural ion channels.

In part one, two model systems, the ethylenediamine palladium(ll) - 4,4’-
bipyridine squares of Fujita and the trimeric bis(terpyridine) - iron(ll) hexagonal
macrocycles of Newkome, were targeted for structural modification towards becoming
transport competent systems via improving the membrane partitioning characteristics
of the final coordination compounds by increasing their lipophilicity.

Modifications of the Fujita system involved the generation of two lipophilic 4,4’-
bipyridines with addition of lipophilic groups of 13 and 17 carbon long alkyl chains
respectively at the 3 and 3’ positions. After pursuing multiple unsuccessful synthetic
routes the successful syntheses afforded the final lipophilic 4,4’-bipyridines in overall
yields of 19 to 21% over two synthetic steps. Mixtures of the newly generated lipophilic

4,4’-bipyridines with a known lipophilic ethylenediamine palladium(ll) “corner”



exhibited evidence of self-assembly from NMR spectroscopy experiments however
attempts at further characterization by ESI-MS and X-ray crystallography were
unproductive. The putative self-assembled structures were inactive in HPTS vesicle
assays but showed erratic conductance activity in bilayer clamp experiments. However,
the magnitude of the conductance observed was not indicative of the passage of ions
through the internal pore of the square complex.

Modifications to the Newkome hexagons were aimed at generating overall
neutral assemblies with external lipophilic groups. These modifications involved
imparting a net -2 charge to the ligand via modifications to the terminal tridentate
ligands so that upon coordination to octahedral metal centers in the +2 oxidation state
the overall hexagonal complex would be neutrally charged. Two bis-polydentate ligands
were generated; a dissymmetric molecule comprising one terpyridine and one
dipicolinate tridentate ligand (TERPY-DPA) and a symmetrical molecule comprising two
2,2’-bipyridine-6-carboxylate tridentate ligands (BIPYA-BIPYA). The successful syntheses
provided the desired trimethylsilylethyl ester protected compounds in yields of 9.2 and
7.5 % over 6 and 8 total synthetic steps for TERPY-DPA and BIPYA-BIPYA respectively. A
new approach to metal-ligand complex formation by concomitant fluoride deprotection
and assembly was demonstrated with a monomeric complex. Polymetallic complexes
formed with a variety of transition metals based on colorimetric changes but the
products were very intractable and resisted full structural or transport characterization.

Part two develops a system potentially capable of exhibiting dissipative assembly of
active transporters. A library of six thioester containing compounds structurally related
to known active oligoester compounds was synthesized. The successful syntheses
provided the desired compounds in overall yields of 1.0 to 17.7% over 11 to 13 total
synthetic steps. The intramolecular cyclization - truncation and thioester exchange
reactions central to the dissipative assembly strategy were explored using a model
compound. The full length compounds showed transport activity via the HPTS vesicle
assay that was significantly below that of the lead compound. Bilayer clamp

experiments however, revealed significant transport activity for both the full length as



well as the truncated thiol molecules. In the case of the latter the transport events had
exceedingly high conductivity for such a small molecule. This unexpected activity for
both the full length and truncated compounds, although different, prevented a full

implementation of dissipative assembly of transport.
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1 Introduction

1.1 Summary

This work concerns the design and synthesis of artificial systems to mimic ion
transport functions of naturally occurring ion channels. Although biomimetic in
inspiration, the components are non-biological in origin and use traditional chemical
techniques to create structures through covalent-bond synthesis. Thereafter, using the
toolbox of supramolecular chemistry, the components will self-assemble using non-
covalent interactions into structures that can exhibit ion transport functions. This
bottom-up pathway to function is evident in Nature as well, but the emphasis is often
on the structures detected by various structural methods rather than on the functions
themselves. Structures are certainly required for functions, but the structures prepared

in this work are designed based on the functions they are expected to perform.

1.2 Origins - The Lipid Bilayer Membrane

If there is one chemical entity that can be envisioned as serving as a progenitor for
the two foci of this manuscript, synthetic ion channels and supramolecular self-

assembly, it would be the lipid bilayer membrane.

Lipid bilayer membranes are integral to living organisms. They serve to define the
internal from external environments of cells as well as serving critical roles in many
organelles such as mitochondria, chloroplasts and the nucleus®. In fact it has been
proposed that the very feat of compartmentalizing compounds within the internal
environment of vesicles may have served as the catalyst for the origins of life as we

know it 2.

Lipid bilayer membranes, as their name suggests, are composed of lipids;
amphiphilic molecules consisting of a hydrophilic ionic ‘head group’ connected to one or

two lipophilic non-polar ‘tails’ via ester or amide linkages®. The most common class of



lipids found in mammalian cells are the phospholipids for which representative

structures are presented in Figure 1-1 below.
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R,, R, = Saturated, monounsaturated or polyunsaturated 14 to 24 carbon long alkyl chains

Figure 1-1: The chemical structures of some representative phospholipid molecules.

Due to their amphiphilic nature, in an agueous environment these phospholipids
self-assemble (the forces responsible for this self-assembly process will be discussed
later in this introductory chapter) into a lower energy conformation in the form of a lipid
bilayer membrane (Figure 1-2). In this conformation the hydrophilic ionic head groups
of the molecules arrange such that they project into the aqueous environment on either
side of the plane of the bilayer where they are well solvated while the hydrophobic tail
portions of the molecule are situated such that they form a well packed non-polar
interior environment in which water is effectively excluded. The regions linking the
ionic polar head groups and the non-polar tails are of intermediate polarity and as such

they form a narrow, partially solvated midpolar region between the two.
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Figure 1-2: The idealized 2-D structure of a lipid bilayer membrane composed entirely of the phospholipid
1,2-dihexadecanoyl-sn-glycero-3-phosphocholine and a 3-D representation of a small section of a lipid
bilayer membrane.

The arrangement of the individual lipid molecules as depicted in Figure 1-2
above presents an unrealistically ordered system. In reality this environment is an
exceedingly chaotic with significant conformational flexibility within any particular
molecule as well as spatial mobility of the molecules within and even between the
bilayer leaflets 3, Although the tendency is for the non-polar chains to be fully extended,
at any one time there are also many regions within the extended structure where there
is a higher degree of disorder. The disorder within these regions leads to residual free
volumes within the bilayer where there can be a decreased energetic barrier to the
insertion of specific compounds such as membrane bound proteins4. In addition the
simple bilayer depicted in the figure is composed entirely of a single type of lipid
molecule, 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine. This is never the case for
natural lipid bilayers which can be composed of dozens of different lipid molecules>.
The composition of the lipid molecules in the bilayer can impart a variety of physical

properties to the overall topology of the self-assembled structure as well as mediating



the function of many membrane associated compounds **?

. In fact the lipid
composition can even vary significantly from one leaflet of a bilayer to the other
resulting in changes to the conformation of the overall structure such as the curvature

of a membrane¥?,

One of the best understood and studied physical properties of lipids is termed

the shape parameter® %%’

. This parameter, specific to each different lipid, can in many
instances be used to qualitatively predict the preferred packing arrangement of a
population of molecules when introduced to an agueous environment. The shape
parameter (.5) is defined by the optimum area per molecule at the aqueous interface
(ao), the overall volume of the molecule (v) and the length of the fully extended alkyl

chain (/) according to the following formula:

S =v/aol Equation 1-1

The value of Sis roughly related to the ratio of cross sectional areas between the

polar head group and lipophilic tail portions of a molecule and correlates to the shape of
the three dimensional volume defined by its van der Waals surface as presented in

Figure 1-3 below.
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Figure 1-3: The three dimensional volumes associated with the shape parameter S, a structure of a
representative for each class and their preferred arrangement within a bent bilayer structure. The pink
surface of the shapes indicates the polar head group end of the molecule. A) Lipids with S<1
represented by N-(hexadecanoyl)-sphing-4-enine-1-phosphocholine, B) lipids with S= 1 represented by
1,2-diphytanoyl-sn-glycero-3-phosphocholine and C) lipids with S> 1 represented by 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine.

Molecules with shape parameters close to unity are roughly cylindrical and as
such the tight packing of these results in the generation of planar bilayer membrane
structures which exhibit relatively low curvature over an extended area. Molecules with
shape parameters slightly off of one are shaped roughly like truncated cones; those with
S'< 1 possessing larger surface area at the head group end while those with $> 1 having
larger surface area at the end of the hydrophobic tail. The overall effect is that as the
shape parameter of a molecule diverges farther and farther from $= 1 the tendency is
for the bilayer membrane structures formed to adopt increasing degrees of curvature.
In spherical bilayers, often called liposomes or vesicles, the hydrophilic surface area of
the outer leaflet is larger than the area at the hydrophobic lamellar interface whereas
the opposite relationship is true for the inner leaflet. Due to this fact lipids with S< 1
are better accommodated in the outer leaflet while the inner leaflet is more

accommodating to lipids with $> 1; this property leads to the non-uniform distribution



of lipids with differing shape parameters between the two lamellae. At exceedingly low
(<0.5) and high (>1) values of Sthe bilayer structure is abandoned altogether in favor of
single layer micellar or inverted micellar structures which, although interesting in their

own right, are of little concern to the present discussion.

Regardless of the dynamism and variety exhibited by natural lipid bilayers the
generalized representation in Figure 1-2 above of the strata within the cross section
going from polar ionic (red) through mid-polar (green) and finally to hydrophobic core
(blue) is a satisfactory description of the bilayer environment. This simplified cartoon
serves as a conceptual handle to understanding and designing compounds intended to

interact with the lipid bilayer environment.

The non-polar interior (blue region) of the bilayer serves as an effective barrier
to the passage of polar compounds, especially charged species such as ions or larger
polar molecules such as sugars, while some smaller non-polar molecules such as carbon
dioxide and even small polar molecules like water can pass somewhat freely from one
side to the other?. Although this impermeability is critical to the role of bilayer
membranes in compartmentalizing an interior environment from the external one, it
also poses a dilemma. Namely, the generation of ionic concentration gradients across
the lipid bilayer is a crucial form of storage of potential energy and the associated
release of this potential energy via the collapse of these gradients in a controlled
manner is necessary to the survival of a cell. If the non-polar interior environment of
the lipid bilayer membrane presents such a large energetic barrier to the passage of
these ions how can these processes occur? Fortunately Nature has evolved countless
elegant molecular architectures to address this problem, often achieving high efficiency

and selectivity for the necessary ionic species.

1.3 The Challenge - lon Transport

The central problem in moving an ionic species between aqueous environments

on either side of the lipid bilayer, where they are well solvated and therefore in a



relatively low energetic state, is overcoming the large energetic barrier associated with
the desolvation as well as passage of an ion through the non-polar interior of the bilayer

where it is not solvated and therefore in a state of relatively high energy .10
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Figure 1-4: Cartoon representations of bilayer membrane environments and simplified curves of
potential energy versus position associated with the passage of a membrane impermeable ionic species
from one side of the lipid bilayer to the other in the case where A) equal concentrations of the species are
present on either side of the bilayer and B) there is a concentration gradient from one side of the bilayer
to the other.

In both cases presented in Figure 1-4 above the potential energy of an ion
decreases upon approaching the ionic polar head group region relative to that in
solution due to the favorable electrostatic interactions between the ionic species. This
small potential energy well localized near the head group - aqueous interface causes the
density of ions in this region to be slightly higher than in the bulk solvent. As an ion
passes through the mid-polar region of the lipid bilayer there is a sharp increase in the
potential energy associated with the loss of stabilizing interactions with the polar head
groups as well as those with the polar agueous solvent upon desolvation. The potential
energy then plateaus at a maximum in the non-polar interior environment. In the
system where no concentration gradient exists (Figure 1-4, A) the potential energy of
the ions in solution on either side of the bilayer membrane is the same and there is no

driving force to help overcome the large activation energy (E,) necessary to move ions



through the bilayer. However, in the system where a significant concentration gradient
does exist (Figure 1-4, B) the ions on the side of the lipid bilayer at higher concentration
exist in a state of higher potential energy than those on the side of lower concentration.
The result is that the activation energy (E,) associated with the ions travelling from the
side of high concentration to the side with low concentration is significantly smaller than
for the reverse process (Ey). Regardless, the energy barrier associated with passing an
ion through the non-polar bilayer interior is still generally too large to be spontaneously

overcome even when travelling along the concentration gradient

The role of an ion transporter is essentially to act as a catalyst for the transport
process by lowering the ‘activation’ energy (E,) associated with passing the ion through

the non-polar lipid bilayer interior.
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Figure 1-5: Simplified illustration of the effect of a representative ion transporter in this case depicted as
a transmembrane ion channel, on the shape of the potential energy versus position profile for the
movement on ions across the lipid bilayer membrane.

The illustration in Figure 1-5 above presents the general effect of an ion channel
on the potential energy versus position profile for the movement of an ion across the
lipid bilayer as compared to the case without the transporter (Figure 1-4, B). As can be
seen, the activation energy (E.) for transport of ions as catalyzed by an ion channel is

significantly lower than that for the bare lipid bilayer membrane. In addition, the ion as



it passes through the non-polar interior environment of the lipid bilayer via the ion
channel is lower in potential energy as well as experiencing several small local minima
and maxima along the way. These local minima and maxima are associated with the ion
forming relatively stable interactions with residues within the internal pore of the ion
channel, helping to shuttle it along from one side to the other. Upon reaching the side
of the bilayer with low ion concentration a relatively large and rapid drop in potential

energy is observed.

There are several different structural motifs found in natural transporters but all
act by isolating the ion from direct interaction with the non-polar interior environment
during its journey across the lipid bilayer membrane. Conceptually there are three

different motifs for transport systems of varying complexity and utility 1

The first of these, which is of little interest in the context of this document, is
transport mediated by membrane disrupting molecules. These compounds function by
producing large defects in the lipid bilayer membrane through which any and all
dissolved compounds can flow indiscriminately. Because of this property membrane
disrupting compounds are of little use for harnessing the potential energy from
concentration gradients, serving primarily as intercellular warfare agents or as self-

. . 12
destruct mechanisms for defective cells **.

The second class of membrane transport motif is the carriers 3 These
compounds are of insufficient size to effectively span the distance across the lipid
bilayer membrane and therefore act by forming a complex with the species to be
transported at one membrane-solvent interface and then translocating through the lipid
bilayer membrane to the opposite membrane-solvent interface where the transported
species is released. Because these compounds are free to move within the bilayer
membrane environment they can only act to move species along a concentration

gradient in a process of facilitated diffusion.

The last class of membrane transport motif, and the one of greatest interest in so

. .. . 1 .
far as this thesis is concerned, is the transmembrane channel **. Channel forming
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species, unlike the carriers, are sufficiently large that they can effectively span the
distance from one side of the bilayer membrane to the other. lon channels, as their
name suggests, possess a roughly tubular internal pathway through which species being
transported can flow. The internal diameter of this channel can vary significantly which
has a significant impact on the mechanism and selectivity of species being transported.
Narrower channels generally exclude most solvent molecules and therefore transport
desolvated species by forming specific interactions with the species being transported °.
Channels with larger diameters on the other hand can have significantly solvated
internal volumes through which a wider variety of species can be transported.
Especially large and rigid channels have interior volumes that act as columns of water

through the bilayer through which many solvated species can rapidly diffuse.

lon channels, unlike their carrier counterparts, span the bilayer and can therefore
adopt a preferred orientation with respect to the internal and external environment as
define by the lipid membrane. This orientation is maintained once the channel is
embedded since the barrier to inversion of these large molecules within the bilayer is
very high in energy. This property has a very important implication; the flow of species
from high concentration to low concentration and the associated release of potential
energy can be effectively harnessed to perform specific functions beyond the simple
transport of ions. Harnessing this energy is critical to the most important functions of a
cell such as ATP synthesis within mitochondria or carbohydrate production via

photosynthesis in chloroplasts **.

However, harnessing the potential energy from concentration gradients is
predicated on there being concentration gradients to begin with. The generation of
these is the task of highly specialized ion channels called ion pumps % lon pumps are
modified ion channels which have the ability to move ion against the concentration
gradient from areas of low concentration to an area of higher concentration. The
comparison between the barriers involved in ion transport versus ion pumping can be

better visualized by referring to the potential energy versus position curve depicted in
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Figure 1-4. For an ion channel, the potential energy profile is followed from left to right,
flowing with the concentration gradient; the energy required to catalyze the transport in
this direction (E) is relatively low. Anion pump on the other hand works against the
concentration gradient, following the potential energy profile from right to left; the
energy requirement for transport catalysis in this direction (E.) is significantly higher. In
order to affect ion transport in this direction the use of an external source of chemical

energy is required.

The many different and highly complex mechanisms for the pumping of ions are
beyond the scope of this document, ion channels being the primary focus. lon pumps
do however serve as inspiring examples of the types of complex functions that can

potentially be achieved via extensive modification of relatively simple ion channels.

1.3.1 Natural lon Channels

Due to the central role of ion channels in many processes vital to life, deficiencies
in their function can result in very serious disease states. Cystic fibrosis for example, a
condition that affects one in every 2000 - 3000 newborns of European descent, is
attributed to various mutations in the gene coding for the cystic fibrosis transmembrane
conductance regulator (CFTR) protein. The CFTR transmembrane protein is responsible
for the regulation of the movement of chloride and sodium ions across the lipid bilayer
membranes of epithelial cells. Defects in its function result in the production of
excessively thick mucosal excretions resulting in depressed lung function and
susceptibility to lung infections which can drastically reduce the lifespan of affected

individuals *.

In addition, the ion selective nature of many natural ion channels makes them
ideal candidates for use in ion selective probes that could be used in biosensor

applications among other things 2.

For these and many other reasons the study of ion channels and their functions is
a worthwhile endeavor. Unfortunately, their very functions and their integral

relationship with the bilayer membrane make studying natural ion channels very
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difficult. Unlike many other proteins or small molecules which can be produced en
masse via their over expression in genetically modified microorganisms, the over
expression of ion channel molecules often results in unviable cultures due to the failure
of the integrity of the bilayer membrane. The relatively large size of many ion channels
also makes the laboratory synthesis of the natural structures an unmanageable exercise

in all but the simplest cases.

Despite these challenges there have been some notable successes in acquiring
crystal structures of some of the more ubiquitous ion channels. Some of these, such as
the potassium 1% and mechanosensitive 2° channels, have provided valuable information
about the nature of the relationship between structure and activity while others such as
the chloride channels %! have proven less useful. Unfortunately these successes
represent only a miniscule fraction of the overall population of membrane associated

proteins which are estimated to account for approximately 30% of the human genome
22

For these reasons scientists have resorted to the synthesis of non-natural
structures that behave as ion channels in order to try to obtain a greater understanding

of the relations between their structures and functions.

1.3.2 Synthetic lon Channels

The advantages of relying on synthetic ion channels as analogs of their naturally
occurring relatives are many fold. As mentioned, the syntheses of these molecules are
far more facile than obtaining sufficient quantities of naturally occurring channels via
either genetic manipulation or synthetic methods. Chemists are also not limited by the
building blocks available to natural systems, instead having the vast and constantly
expanding arsenal of the synthetic chemistry toolbox at their disposal. Overall the
structures that could potentially be obtained via a purely synthetic route should be as
robust as the naturally occurring ion channels while being much smaller and structurally
simpler. Due to their relative simplicity, it should be easier to ascribe differences in

activity to particular modifications from one structure to another. In addition the



13

motivations of human beings towards targeting a particular function are often very
different than those presented through evolution. Synthetic ion channels present the
opportunity to design systems with unprecedented functions, an intriguing possibility

that will be explored in this body of work.

Since the first synthetic ion channel reported by Tabushi in 1982 2 an increasingly
diverse collection of ion transporting species have been prepared by chemists. The field
has been extensively and regularly reviewed 24,25,26,27,28, 9 51 these fine publications
should be consulted for a more comprehensive description of the progress to date than
presented in this document. A small sample of synthetic ion channels from literature
which illustrate some common structural properties relevant to the current work is

presented in Figure 1-6 below.
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Figure 1-6: Some representative ion channels from literature; A) Tabushi’s original amphiphilic B-
cyclodextrin channel 2 B) Gokel’s 4,13-diaza-18-crown-6 containing hydraphiles %) Cragg’s calixarene
based channels 31, D) Fyles’ oligoester amphiphiles 32, E) Matile’s Pi slides33, F) aplosspans also from Gokel
34,35 . . 36

and G) bola-amphiphiles also from Fyles
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As can be seen from the figure above, the variety of ion transporting structures

produced to date is quite impressive.

Among the recurring motifs present in synthetic ion channel design are the
incorporation of macrocyclic elements as seen in structures A, B and D, and amphiphilic
structures as can be seen in structures C, E and F in Figure 1-6 above. The incorporation
of these elements into synthetic transport active compounds can be seen as an attempt
at mimicking the general structure of natural ion channels. The internal diameter of the
macrocycles can be envisioned as serving to define the internal diameter of a
transmembrane channel. The amphiphilic character is a feature common to the lipids
that compose the bilayer membrane itself, this similarity in polarity characteristics
means that the channels are more likely to have favorable interactions with the bilayer

membrane and therefore exhibit improved partitioning from the aqueous environment.

As will be seen these two structural motifs will present themselves in the designs

of the compounds synthesized for this thesis.

1.4 Studying lon Channel Activity

The fundamental source of interest in working with ion channels is that they
possess a distinct function; the transport of ions across the bilayer membrane. Without
a way to study this function there is no way to draw conclusions about structure activity
relationships that could exist. Fortunately, several different methods to assess the
transport activity of both natural and synthetic ion channels have been developed and
refined over the years and have proven to be invaluable tools in ion channel research 37,
3 These methods fall into two categories defined by the nature of the lipid mixture and
by extension the topology of the membrane employed; vesicle based experiments and
planar bilayer based experiments. Both of these types of methods are used extensively
in the Fyles lab and specific examples pertinent to the current research are discussed

below.
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1.4.1 Vesicle Based Transport Activity Experiments

Many experimental methods for observing the transport activity of a purported
ion channel involve the use of bilayer membranes in the form of lipid vesicles.
Conceptually all vesicle based assays involve the observation of the collapse of the
concentration gradient of an analyte between the internal and external environments of

the lipid vesicles

A wide variety of analytes can be used in vesicle experiments depending on the
property of the transporter of interest to be studied however all analytes must possess
two crucial properties. Firstly, the analyte must not readily pass through the bilayer
membrane without the aid of a transport catalyst such as an ion channel. Generally this
means that most analytes are highly charged ionic species which have a large energetic
penalty associated with being solvated in the non-polar core of the lipid bilayer
membrane. Secondly there must be a method for detecting changes in the analyte
concentration either within the vesicles or in the external environment. Some
commonly used detection methods are 2>Na NMR in conjunction with a membrane
impermeable paramagnetic shift reagent entrapped within the vesicle to monitor the
transport of sodium ions 39 jon selective electrodes to monitor the efflux of ions from
the interior of the vesicle to the external environment *° and UV/Visible or fluorescence
spectroscopy of transport induced spectral changes to concentration or ion sensitive

dye molecules a

The dye based detection method was the one used most extensively in the Fyles’
laboratory at the time of this writing, Figure 1-7 below illustrates the critical steps in the

experiment as well as an example of the data produced.
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Extent of Transport

Time

Figure 1-7: Diagram representing the series of events involved in a vesicle based assay using an
entrapped ion sensitive fluorescent dye as the reporter as well as an associated graph of transport data to
demonstrate observations made at each stage of the experiment.

Prior to the events depicted in Figure 1-7 above the vesicles containing the
entrapped dye are incubated with the compound being studied for transport activity for
a standard period of time in order to allow the partitioning of the compound into the
lipid bilayer achieving the state represented at time A. At this point the time based
fluorescence scan is initiated and a short period (~ 1 minute) prior to the introduction of
the concentration gradient is recorded in order to obtain a baseline fluorescence
intensity of the system at rest. After the establishment of this baseline the
concentration gradient is induced by the injection of a concentrated solution of the
species being monitored to the external solvent (A -> B). Due to osmotic stress of the
rapid change in concentration this pulse often causes some short lived vesicle leakage
resulting in a small instantaneous change in fluorescence intensity (B). After this initial
burst in fluorescence intensity the changes in fluorescence observed during the
following period (C) are due to the movement of ions into the vesicles along the
concentration gradient as catalyzed by the introduced compound. After some data
manipulation the slope of the line in this region of the fluorescence data provides a

value for effective rate of transport of the particular species being monitored for that
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compound being studied at a particular concentration. After a sufficiently long
observation period (C, ~ 8 minutes) the vesicles are lysed with a detergent (D) resulting
in another instantaneous change in fluorescence intensity as the destruction of the
vesicles results in the collapse of the concentration gradient. This final step is
performed followed by a brief period of recording (~ 1 minute) in order to obtain the
final maximum fluorescence intensity so that data over different runs can be

normalized.

An important feature of vesicle based assays is that they analyze the bulk
behavior of a large population of channels behaving at once. The transport data
obtained therefore represent an average rate constant for a compound at a particular
concentration without providing any details about the exact nature of the transport
active species such as stoichiometry. In addition since it is not possible to observe the
specific nature of the transport mechanism using this assay, it is more difficult to isolate
whether the transport behavior observed is due to a carrier, an ion channel or a

membrane disruptor.

One of the most common environment sensitive dyes used for vesicle based
assays of transport activity is the polyanionic membrane impermeable trisodium 8-

hydroxypyrene-1,3,6-trisulfonate(HPTS) molecule depicted in Figure 1-8.

402 nm 510 nm 454 nm 510 nm
HO I o 0. I SO5

3 Na*

Figure 1-8: Structure of 8-hydroxypyrene-1,3,6-trisulfonate in both its protonated and deprotonated
forms with associated wavelengths of maximum excitation and emission.
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HPTS is a pH sensitive dye, and as such it monitors the flow of proton and
hydroxyl ions in and out of lipid vesicles. The HPTS dye exhibits two different
wavelengths of maximum excitation dependent on the protonation state of the hydroxyl
group, 402 nm when protonated and 454 nm when deprotonated, but only a single
wavelength of maximum emission at 510 nm. The pKa of the hydroxyl group is 6.4 and
therefore shows the highest sensitivity to changes in protonation state in mildly acidic
solutions. In addition, since the two different protonation states exhibit two different
excitation maxima by simultaneously monitoring the fluorescence emission from
excitation at these two wavelengths a ratiometric analysis can be used to determine the

relative concentrations of the two states *2.

1.4.2 Planar Lipid Bilayer Based Transport Activity Experiments
The other commonly employed experimental technique used to study ion channel

transport activity is the bilayer clamp assay *” 3

which involves the use of planar lipid
bilayers rather than spherical vesicles. The experimental set up, illustrated in Figure 1-9,
involves two electrolyte filled chambers connected via a small aperture generally 150 -
250 microns in diameter. Electrodes are positioned in the two chambers such that a

potential can be applied across the aperture.

—{— —— —{—
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Figure 1-9: Simplified diagram of the experimental set up of the bilayer clamp experiment as well as
corresponding current versus time recordings associated with applied potentials at each of the stages of
the set-up.
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As presented in the current versus time plots in Figure 1-9 in this initial state
current is free to flow between the two chambers under an applied potential. However,
a lipid bilayer when painted across the aperture acts as an insulator preventing the flow
of current under an applied potential. The apparatus in this state is essentially a
capacitor and in fact a common method for assessing the quality of the bilayer
membrane is by taking a measurement of its capacitance. Once a properly formed
bilayer has been established the purported ion transporter is added into either one or
both of the chambers with gentle stirring in order to facilitate its incorporation into the
bilayer membrane. Should the compound have poor aqueous solubility it can be pre-
incorporated into the initial lipid solution however this method is disfavored as it makes
it impossible to establish if a proper bilayer has formed. If the introduced compound is
an active ion transporter a flow of current will be observed associated with the

transport of charge carrying ions through the bilayer.

The bilayer clamp transport assay is a single species detection method that can be
used to effectively observe individual transport events that are not possible using the
vesicle based assays. The electrical properties of the bilayer are monitored over time
with increases in the observed current indicating the transport of ions via one or more
transport active species. This allows very detailed information about the nature of the
transport activity of the compound to be acquired and from these details properties of
the compound, such as the diameter or relative stability of an ion channel formed, can
be estimated. Unfortunately, the observation of single transport active species leads to
several potential difficulties. Firstly, because the assay detects single events it is
possible that the activity observed at any one time is due, not the compound being
studied, but rather a minor residual impurity leading to inaccurate inferences about
activity. For this reason compounds studied using the bilayer clamp experiment must be
exceedingly pure in order to obtain reliable data. In addition, due to the chaotic nature
of the bilayer environment, the individual transport events observed for even the most
well behaved channels exhibit a range of properties. As such, many repeated

experiments must be carried out to obtain a statistically significant set of data in order
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to verify that a particular activity is reproducible enough to be confident that it is not
due to some artifact of any particular experiment. By the same token many
experiments must be conducted in order to eliminate false positive results as well. This
need for many repeated experiments means that the bilayer clamp assay can be quite
labor and time intensive. Finally, it is not possible to obtain concentration dependent
rate constants for the rate of transport for a compound as can be obtained from vesicle

based experiments.

There are many distinct types of transport behaviors that can be observed for
active compounds; however in the past the majority of the more irregular of these were
either discounted outright or only mentioned in passing in favor of analyzing those more
easily understood. Recent efforts have been made in the Fyles group to develop a
robust method of cataloging and categorizing all potential observable behaviorsin a
statistically meaningful way **. After a comprehensive analysis of all available bilayer
clamp data it was determined that three criteria were most important in defining ion
channel transport behaviors; two quantitative properties in the conductance and the
duration of an event and one qualitative property defining the general shape of the
behavior observed. The conductance parameter, which loosely corresponds to the
inner diameter of a channel, was found to vary greatly over several orders of magnitude
from essentially zero to ten-thousand pS. Similarly the durations of events, related to
the kinetic stability of the open channel, were also found to span several orders of
magnitude from the instrument specific lower limits of detection of around 1 ms to
several minutes. Finally the qualitative appearance of events was divided into five

distinct categories; square top, multi-level, flicker, spike and erratic.

In order to combine these disparate types of data into one cohesive and easily
referenced representation the possible values of the two quantitative parameters were
subdivided, log divisions for the duration parameter and half log divisions for the
conductance parameter, and plotted on the horizontal and vertical axes respectively to

produce an activity grid; see Figure 1-10. The qualitative behaviors were then each
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assigned a colour; green for square tops, blue for multi-level, orange for flicker, red for
spike, purple for erratic and an additional grey colour as an accounting indicator for

parameters outside the detection limits of a particular instrument.
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Figure 1-10: The open duration versus conductance activity grid and representative ion transport
behaviors with associated colour code as developed by Fyles et al. for the cataloging ion transport
activities as obtained from bilayer clamp experiments 3,

For a particular transport active compound each distinct event is first classified
according to the type of activity observed, the open duration and the maximum
conductance. The appropriate segment of the activity grid based on the open duration
and maximum conductance is then filled in with the colour indicative of the type of
activity observed. In this fashion an aggregate of all observed events for a channel
under identical conditions can be summarized on a single activity grid. An additional
level of detail can be added by varying the intensity of the colour of the various
segments according to the relative frequency of the observed events. The final output

of a sample activity analysis using this method is presented in Figure 1-11.
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Figure 1-11: Sample activity grid analysis of a bilayer trace. By breaking down a trace into smaller
segments along the time axis individual or small collections of signals can be systematically processed
manually or using a computer program to generate activity grids for each segment. The number of
different events for the entire trace can then be tallied and each square of the summary activity grid can
be coloured the appropriate colour and intensity to reflect the types and frequencies of observed activity.

The overall result, an example of which is shown in Figure 1-11 is that the
summary activity grids provide a rapid visual representation of a large number of events
for a particular active compound under specific conditions. This allows for the rapid
comparison of the activity for different channels or the same channel under different

conditions.

When reproducible behaviors can be attributed to a compound being studied, in
particular the observation of square top (green) events, it is possible to infer more
specific properties of the ion channel formed. For example, from the observed current
at a particular applied potential the conductance of a channel can be calculated

according to the equation:

g=1/v Equation 1-2
Where g is the conductance in Siemens, | is the observed current of a single
channel opening in amperes and V is the applied potential in volts. From this calculated

conductance the approximate internal diameter of an ion channel can then be
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determined using the Hille equation * which approximates the ion channel as an

electrolyte filled cylinder:
1/g= lp|n(d/2)?] + p/d Equation 1-3

Where g is the conductance, | is the length of the channel (often assumed to
correspond to the thickness of the bilayer), d is the inner diameter of the channel and p
is the resistivity of the electrolyte solution. It should be noted however that although
approximations of internal diameters made using the Hille equation are relatively
faithful for larger channels, for smaller channels in which specific interactions between
the channel interior and the ions being transported are important the model based on
an electrolyte filled cylinder is inaccurate. As such the Hille equation tends to
significantly underestimate the diameters of smaller channels; caution must be
exercised since conductances observed for some channels provide physically unrealistic

values for the channel radius.

1.5 New Challenges of Synthetic lon Channel Research

As eloquently summarized by a pioneer in the field of synthetic ion channel
research, future progress must focus beyond developing new channel structures using

existing methods.

“It is safe to say that the simple punching of holes in membranes
does not pose significant problems anymore. Fundamental studies on
structure-activity relationships fully confirm this conclusion and, although
highly valuable and important, have to pay attention not to become
repetitive. The same holds for the introduction of new architectures that
do not go beyond simple transport. What arguably matters most is
conceptual innovation.”

- Stefan Matile (Chem. Soc. Rev., 2011, 40, 2453-2474)

Although much of the work carried out in this thesis predates the publication of
this quote, the sentiment associated with it can be seen as the guiding principle for the

research contained in this thesis. The challenge put forth to scientists in the field of
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synthetic ion channel research by Matile can be interpreted from two different
conceptual perspectives. On one hand it can be viewed from the standpoint of
synthetic innovation; in order to progress towards the realization of practical uses for
synthetic ion channels new methods for the rapid synthesis of these complex structures
is necessary. On the other hand it is a push towards novel functions; with the ability to
generate a wide array of compounds that exhibit transport activity already well
documented the next logical step is towards synthetic channels that more closely mimic
the dynamic behaviors of Natural ion channels. Fortunately there exists a logical

common approach to both of these challenges: supramolecular self-assembly.

Supramolecular chemistry involves the study of the directed control of reversible
interactions between molecules or regions of molecules in order to produce more
complex superstructures via molecular self-assembly **. Examples of molecular systems
exhibiting supramolecular interactions are myriad both in Nature as well as those
devised by chemists % Infact supramolecular self-assembly is fundamental to many of
the topics already discussed; it organizes assemblies of lipids into bilayer structures,
helps to drive membrane bound proteins into these bilayers as well as assembling
subunits of pore forming molecules into transport active constructs. For many of these
examples the weak interactions between molecules allows for the generation of ranges
of structures that would be practically impossible to achieve by using only covalent
chemistry. In addition the labile nature of these interactions is critical to the very

function of many of these systems.

The first goal of the current research was to expand the field of ion channel
research via synthetic innovation. As can be seen from the many examples of synthetic
ion channels that have been presented so far (Figure 1-6), all share the common feature
of being relatively static structures that often involve laborious syntheses. As such the
generation of novel transport active structures can be an intensive and sometimes
unfruitful process; successful synthesis of exceedingly complex and beautiful structures

without the guarantee of realizing commensurate transport functions is a daunting
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prospect. As will be seen throughout this introductory chapter exploring the field of
supramolecular chemistry should be particularly suited to tackling the challenge of
developing novel synthetic strategies to allow for the rapid generation of libraries of

complex molecular systems.

The second and arguably more ambitious, goal of the current research was to
explore the problem of introducing novel functions to the field of synthetic ion channel
research. As previously stated, one of the perceived advantages of synthetic systems
over Natural ones was that scientists were not bound by the evolutionary process of
natural selection in guiding the development of new functions. Since function is
inexorably linked to structure the logical extension of this is that in order to realize
dynamism of function you must have dynamism of structure. It may very well be that
the existing approach to achieving functional synthetic transport systems may be
hindered by the focus on thermodynamically stable products. Although these
compounds are likely easier to characterize due to their static structure, Nature has
overcome the challenge of transporting charged species across the lipid bilayer involving
mechanisms about as far from equilibrium as possible. To this end the field of
supramolecular chemistry should also provide the tools necessary to take the first steps
towards realizing the development of novel functions within the context of purely

synthetic ion channels.

1.5.1 Supramolecular Chemistry and Non-Covalent Interactions

While traditional molecular chemistry deals with covalent bonds, which generally
range in strength from ~150 - 950 kJ mol™, supramolecular chemistry deals with
productively harnessing non-covalent interactions between molecules *. Through
natural selection in Nature or careful design in the laboratory it is possible to harness
many of these non-covalent forces synergistically in order to produce supramolecular
structures which are held together with comparable stability to structures exclusively
via covalent bonds. The table below summarizes the types and bonding strengths of

these weak interactions along with schematic representations of each.



Table 1-1: Non-covalent interactions prevalent in supramolecular chemistry with associated bonding

strengths and schematic examples of each where appropriate.
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It is clear from Table 1-1 above that not all non-covalent interactions are created
equal; they differ in both the strength of the interactions as well as the overall geometry
adopted between interacting species. As will be discussed later in Section 1.7 these
differences have a profound impact on the roles of the various interactions in

supramolecular self-assemblies.

An important feature of all of the interactions listed in Table 1-1 above is that
they are at least partially electrostatic in nature, involving the attractive interactions
between species possessing oppositely charged or partially charged species. Their
electrostatic foundation means that in general interactions involving ions which possess
formal charges (ion - ion, ion - dipole and cation - it) are stronger than those between
species only exhibiting the partial charges of fixed dipoles (hydrogen bonding and dipole
- dipole) which are themselves stronger than interactions involving quadrupoles (m - i)
and induced dipoles (London dispersion forces). Other factors affecting the overall
strengths of these interactions due to their electrostatic nature are the distance
between the two interacting species through space and the competition for interactions

with other polar species, namely solvent, present in the environment.

In polar solvents, water being the canonical example, interactions between
charged species and the polar solvent are favored over interactions between the
charged species themselves due to the ability of the high dielectric of water to screen
charges. This effect is only exacerbated by the enormous relative excess of solvent
molecules to the molecular components of the self-assembly. The result is that in polar
media the effective association energies between species attracted to each other via
electrostatic forces is greatly reduced. In non-polar media however, which have very
low dielectric properties, shielding by and interactions with the solvent are minimized
and the effective association energies between species are not significantly diminished.
However, since the ultimate goal is often to realize self-assembly in aqueous solvent,
the designs of such systems must take into account the competition from the aqueous

solvent.



29

An additional attribute of these non-covalent interactions is their inherent
degree of directionality. In general as the directionality of an interaction increases the
range of possible orientations available to two interacting species diminishes. The effect
is that interacting species with fewer interactions of high directionality have more
conformational freedom and tend to adopt less rigidly defined supramolecular
assemblies as compared to those with more such interactions. Although for certain
systems conformational polymorphism is tolerated or even desirable, for the design of
systems that adopt predictable geometries, such as ion channels spatial control of the

individual components is crucial.

Both of these effects factor heavily into the design of self-assembling systems
that employ exclusively the non-covalent electrostatic interactions presented in Table

1-1.

1.5.2 The Hydrophobic Effect

A special class of non-covalent interaction that does not fit tidily into the
discussion of those presented in Section 1.5.1 above is the hydrophobic effect 8 Unlike
the non-covalent interactions discussed already, which are defined by the electrostatic
interactions between two charged species, the hydrophobic effect involves the
interaction of compounds with water. As a solvent the molecular structure of water is
unique in that all atoms involved have the ability to act as either hydrogen bond
acceptors or donors and in addition, unlike ammonia, the number of potential donors
and acceptors is equal ensuring the maximum number of hydrogen bonds is possible.
Due to this structure water has the ability to form very dense networks of
intermolecular hydrogen bonds which result in an enthalpic stabilization for the
assembly of these molecules. In addition, because of their small size, the relative
conformational freedom of the molecules within the assembly provides an additional
entropic stabilization as individual molecules have the ability to move about relatively

freely while continuously dissociating and reforming hydrogen bonds to adjacent water
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molecules. These stabilizing forces manifest themselves in water having an exceedingly

high boiling point for such a small molecule.

The strong tendency of water to self-associate is the driving force for the
hydrophobic effect. This effect manifests itself upon the introduction of molecules with
relatively low polarity into the aqueous environment. This is an energetically
unfavorable process as it involves both the disruption of hydrogen bonding between
water molecules as well as limiting the spatial and conformational freedom of the
molecules closest to the introduced compound. As such the hydrophobic effect
involves both enthalpic as well as entropic driving forces, the proportions of which can
vary significantly from system to system. In order to counteract this loss of stabilizing
energy the tendency is for non-polar hydrophobic compounds or regions of compounds
to aggregate in such a way as to minimize the interfacial surface area between non-
polar regions and water in order to minimize the disruption to the intermolecular
interactions between water molecules. The hydrophobic effect is partially responsible
for the energetic gain in it - tinteractions (Table 1-1), especially those of the staggered
variety where the interfacial surface area between the non-polar aromatic rings and
water has been more effectively minimized. In extreme cases the hydrophobic effect
involves complete phase separation of non-polar molecules from the aqueous
environment such as seen in attempting to mix oil with water. The strength of the
hydrophobic effect is dependent on the polarity difference between the introduced
compound and water and since it implies no specific interactions does not have any

inherent directionality.

The self-assembly of lipids into the bilayer membrane is a prime example of the
hydrophobic effect at work. The ionic polar head groups of the lipid molecules are
relatively well tolerated in the aqueous environment and as such are exposed to the
aqueous phase. The non-polar tail sections would significantly disrupt the
intermolecular interactions between water molecules so they are buried within the

interior space at the interface between the lipid bilayer lamellae. In this conformation
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the hydrophobic tails are also afforded relatively high conformational flexibility leading
to an additional entropic gain. Because of this relative disorder of the bilayer
membrane it is sometimes referred to as a phase separation process rather than a self-
assembly which has the connotation of involving more specific non-covalent
interactions. The gain in energy associated with the shielding of the non-polar regions
of the lipids from the aqueous environment is more than sufficient to overcome the
penalty induced by forcing the identically charged head groups into close proximity *°.
The overall result of these different driving forces in the interaction of lipids and water is

the formation of the bilayer membrane.

1.5.3 Metal - Ligand Interactions
Yet another class of interaction that is not simply defined by the interaction of
charged species via electrostatic interactions are those falling into the category of metal

- ligand interactions to form coordination compounds **>" >

. There are many possible
bonding motifs available between ligands and metals depending on the exact electronic
properties of the participants but in general they involve the donation of a pair of
electrons from a neutral or anionic ligand which acts as a Lewis base to a neutral of
cationic electron deficient metal centre which acts as a Lewis acid. This situation
differs from covalent bond formation in that both electrons in the bonding interaction
come from the donor atom of the ligand. Due to the formal sharing of electrons
between ligand and metal the resulting interactions can involve binding energies
significantly higher than the primarily electrostatic non-covalent bonds, approaching

those of weaker covalent bonds of approximately 50 to 250 kJ mol™ 3.

Although the competition between ligands and water for the binding to the
metal centers still exists due to the ability of water to act as a Lewis base, the binding
affinity of water for most transition metals is quite low. Qualitatively the reason for this
can be understood by invoking hard and soft Lewis acid and base theory (HSAB)>*. This
theory attempts to arrange metals and ligands along a spectrum from ‘hard’ to ‘soft’

based on empirical evidence of metal-ligand interactions. In general the trend assigns
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small, highly charged or polar and weakly polarizable species at the hard end of the
spectrum while larger, neutral or charge diffuse and polarizable ones at the soft end of
the spectrum. A representative collection of ligands ranked from soft to hard is

presented below.
SOFT -- CN'<S* <RS <I'<Br <Cl' < NH3; <HO <H,0<F -- HARD

The metals can also be ranked along a similar the general trends being that the
hardest metal cations are those early transition metals of the first row in high oxidation
states while the softest are those late transition metals of lower rows in lower oxidation
states. HSAB theory states that the most stable coordination compounds are those
formed between ligands and metals that have qualitatively similar hardness /softness.
As can be seen from the small series of ligands presented above, water is considered to
be quite hard as compared to many of the commonly used ligands such as amines.
Since many of the transition metals, especially those later in the periodic table are
considered to be relatively soft, there is a significantly greater mismatch between the
hardness of these and water relative to many of the donor atoms present in the most
common ligands. The overall result is that given the choice of coordinating to either

water or to some other ligand, the latter option is generally preferable.

In addition to the relatively strong nature of these interactions they also possess
a high degree of directionality associated with the coordination sphere of the transition
metal. The most commonly observed arrangements of ligands around a transition metal
are the square planar and octahedral geometries which involve the coordination of four
and six donor atoms respectively. These geometries allow ligands to be held at right
angles to each other which is a much more difficult conformation to achieve with
standard covalent bond chemistry. In addition the coordinating ligand molecules are
not limited to forming only one bond to the metal centre. The number of coordinating
sites, termed the denticity of the ligand, can also be increased in order to achieve
stronger overall binding between the ligand and metal centre due to the additive effects

of the having multiple interactions as well as the energetic bonus obtained from
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preorganization (discussed further in Section 1.6). Due to the strong binding that can
be achieved between ligands and transition metal centres, the high degree of
directionality that can be achieved as well as their relative stability in an aqueous
environment these interactions are among the most useful for constructing well defined

supramolecular self-assemblies.

1.5.4 Reversible Covalent Bonds
More recently the scope of interactions employed in self-assembling structures

56,57, 55, 58, 59, 60 .
>5,36,57,55,58,39,60 payersible

has extended to those using reversible covalent bonds
covalent bonds, as their name suggests, are formally covalent bonds that are sufficiently
weak or reactive that the equilibrium between bond formation and cleavage can be
easily shifted under relatively mild reaction conditions. Since they involve covalent
bonds as opposed to non-covalent interactions, structures incorporating reversible

covalent bonds tend to be somewhat more robust.

The library of reversible covalent bonds that have been incorporated into
dynamically assembling systems is continuously growing. A representative sample of

these is presented in Figure 1-12 below.
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Figure 1-12: Some representative reversible covalent bonds; A) imine bond formation, B) thiol-disulfide
exchange, C) thiol-thioester exchange and D) boronic ester formation.
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A further advantage to using reversible covalent bonds in a self-assembly
strategy is that the reactions are often highly sensitive to the environmental conditions.
This can allow for the in situ exchange of different reactive components to form new
structures which may lead to entirely different functions depending on the system. In
addition, by changing the environmental conditions it is also possible to speed up or
slow down the reactions as necessary in order to control the stoichiometry of the
products formed and by extension the types of functions observed. Focus in this field to
date has centered primarily on using reversible covalent chemistry towards the
development of dynamic combinatorial libraries in drug design ®* and the synthesis of

62,63 The control of function via the

dynamers, environment sensitive polymers
introduction of external stimuli (reagents) is a particularly appealing aspect of reversible
covalent bonds as it represents a move towards systems which exhibit properties of

Natural supramolecular systems.

1.6 Molecular Recognition Strategies

As discussed previously, while any particular interaction in isolation is generally
too weak to stabilize a supramolecular assembly to any appreciable extent, the additive
effects of many of these interactions operating in concert can generate very robust
architectures. Just as important to the design of a self-assembling supramolecular
system as the use of multiple weak non-covalent interactions is the productive
arrangement of these interactions to generate the desired structures. To this end there
are also several important related concepts; complementarity, preorganization and the

chelate and macrocyclic effects.

1.6.1 Complementarity

The concept of molecular complementarity was first introduced by Emil Fischer
over a century ago in the form of his lock and key model towards the understanding of
enzyme - substrate interactions. Contemporary supramolecular chemistry is of course
not restricted to the study of enzymes and their substrates so in order to generalize

these fundamental concepts the terms host and guest are generally used. By
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convention the host is the member of an interacting pair possessing convergent
interaction sites while the guest possesses divergent sites for interaction ®. Generally
the host is larger than the guest although exceptions do exist. Figure 1-13 is provided

below to help illustrate the concept of complementarity.

Figure 1-13: Simple representation of the concept of complementarity. Red and Blue regions of the
various shapes can be envisioned as representing regions of high and low electron density respectively.
Of the three guests only A has complementarity of both electrostatic interactions as well as shape, B is of
the correct shape but lacks the complementary interactions whereas C has complementary interactions
but is of a shape not accommodated by the host. According to the lock and key model, guest A will have
the highest binding affinity.

The lock and key model states that the more complementarity that exists
between the host and guest both in terms of specific non-covalent interactions as well
as in terms of shape the lower the energy of interaction and therefore the more stable
the complex formed. In the context of a discussion of supramolecular chemistry in

general shape complementarity is better defined as belonging to the London dispersion
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forces class of non-covalent interaction. Fundamentally complementarity is the driving

force towards achieving greater enthalpy of formation between two interacting species.

One of the most studied and best understood examples of complementarity
found in Nature is the example of nucleobase pairs found in deoxyribonucleic acid (DNA)

63,86 Because of the importance of the reliable

and ribonucleic acid (RNA) polymers
transfer of genetic information from one generation to the next for the successful
continuation of a species, life on earth has evolved an elegant system for this task.
Although many different non-covalent interactions are required for the successful self-
assembly of single stranded DNA and RNA polymers into fully assembled double
stranded DNA and RNA helices the main contributor to the selectivity of complementary
strands for each other is the hydrogen bonding which occurs between the nucleobases.
Naturally occurring DNA and RNA polymers each possess four possible nucleobases,

illustrated in Figure 1-14; the purines adenine (A) and guanine (G) and the pyrimidines

cytosine (C) and thymine (T) in DNA or uracil (U) in RNA.
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Figure 1-14: The DNA and RNA nucleobases. The R groups denote the attachment point to the phosphate
sugar backbone of the polymer. The red A’s and blue D’s accompanying each structure denote sites on
the hydrogen bonding face of these molecules which are hydrogen bond acceptors and hydrogen bond
donors respectively.

As can be seen in Figure 1-15 below the hydrogen bonding motifs present on the
various nucleobases shown in Figure 1-14 are such that complementarity exists only

between specific pairs comprising one purine and one pyrimidine.
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Figure 1-15: Hydrogen bonding between complimentary base pairs. The R groups denote the attachment
point to the phosphate sugar backbone, the R; group is a methyl (CH3) group for Thymine in DNA and a
proton (H) for Uracil in RNA.

Because the most productive hydrogen bonding pairs, depicted in Figure 1-15,
involve both one purine and one pyrimidine there is an additional element of size
complementarity for complimentary DNA or RNA strands. If a mismatch occurs such
that two purines are opposite each other there is a significant degree of additional steric
strain between the strands further destabilizing the double stranded complex.
Conversely, if two pyrimidines are involved in a mismatch, the two nucleobases would

be held too far from each other to form hydrogen bonds to any extent if at all possible.

The overall effect is that strands of higher complementarity form more stable
duplexes than those with mismatched base pairs resulting in strands exhibiting
selectivity for more closely related partners. This sequence selectivity is critical to the

high fidelity observed during the replication process.

The relative base pair composition of the complementary strands also has an
effect on the overall association energy of the duplex with sequences rich in Cand G
pairs being more stable than those which are relatively deficient due to the extra

hydrogen bond formed between this pairing as compared to the A and T/U pairs.

Although the complementarity between DNA and RNA polymers is the factor
driving the formation of double stranded compounds it is not directly responsible for

the final condensed helical structure formed. The driving force for the nucleobase



39

stacking and the helical pitch observed along the duplex is due both to m - t stacking
interactions between adjacent nucleobases, a component of which is the hydrophobic
effect acting to exclude water from the hydrophobic faces of the ring systems, and the
repulsive interaction between phosphate groups along the backbone which is itself
modulated by the environment in which the duplex is found. This example illustrates
how the initial assembly of two or more components via strong primary non-covalent
interactions (hydrogen bonding between base pairs) can be further modulated and
stabilized by the action of additional weaker secondary non-covalent interactions (- it
stacking, hydrophobic effect, ion - ion interactions) into an energetically more stable
final conformation. This illustrates the overall additive effects of many weak non-

covalent interactions towards an exceedingly stable supramolecular self-assembly.

1.6.2 Preorganization

Preorganization is another concept of great importance to many successful
supramolecular self-assemblies. Unlike complementarity which deals mainly with
maximizing enthalpic contributions to improve association energies, the principle of
preorganization aims to minimize entropic factors that would normally be detrimental
to complex formation. Preorganization is best understood as the drive to organize host
molecules such that minimal rearrangement of the structure via molecular motions such
as bond rotation is required in order for productive non-covalent interactions with the
guest molecule % A slightly modified version of the schematic used in the discussion of
complementarity is provided in Figure 1-16 below to help illustrate the concept of

preorganization.
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Figure 1-16: Simple representation of the concept of preorganization. The three systems pictured above
are presented in decreasing order of preorganization from left to right. A) the host compound is rigidly
held in a conformation that closely matches the guest molecule resulting in relatively tight binding. B) a
similar system with a flexible linker between the two halves of the host allowing for some conformational
freedom resulting in less stable binding of the guest. Note however that the binding of the guest into one
half of the host still brings the guest relatively close to the other half resulting in some preorganization
resulting in improved binding properties for the second half. C) a system where the ‘host’ exists as two
completely independent components resulting in a large degree of conformational freedom. Unlike for
case B the binding of the guest into one half of the host will have no effect on the binding of the second
half as these two processes are entirely independent.

In Figure 1-16 above, three different potential host systems are presented from
highest to lowest degree of preorganization. All three possess complementarity of
shape and non-covalent interaction sites to the target guest molecule however they are
expected to have association energies that differ greatly. The first host, which has the
least conformational flexibility due to its rigid structure, experiences the smallest
decrease in entropy upon binding the host. The second host, possessing some
conformational flexibility due to the flexible linker joining the two halves of the

molecule, must lose a larger amount of entropy than the fully rigid structure to adopt a
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conformation which effectively binds the target guest. Finally, the third host, composed
of two separate components, suffers the greatest entropic penalty upon binding of the
guest molecule due to the loss of much more conformational flexibility. With each
additional degree of conformational freedom of the system the smaller and smaller the
energy gain associated with complex formation. In essence, by minimizing the entropy
of the system the overall gain in energy upon complex formation can be maximized
resulting in a much more tightly bound supramolecular self-assembly. It should be
noted however that an excessively rigid host with a perfectly matched binding site may
fail to bind the desired guest molecule if there are immovable steric barriers to the
guest entering the binding site. Therefore a certain degree of conformational flexibility
within the host molecule is often necessary to allow for the guest to reach the binding

site.

Two common strategies for reducing the entropy of a system via preorganization
often seen in Nature as well as employed by synthetic chemists involve the chelate and
macrocyclic effects ®®. The chelate effect involves the gain in association energy in a
host guest system with the decrease in entropy upon reducing the number of
independent species involved in the final complex. As insinuated in Figure 1-16 above,
the most common way to achieve the chelate effect is by using a semi-flexible linker to
join several separate binding elements into one contiguous structure. In this way the
total number of species in the self-assembly can be drastically reduced, thereby

reducing the overall entropy of the system.

However, care must be taken in making sure that the system retains the proper
complementarity of interactions as well as shape when designing preorganization into a
system. If preorganization is taken to extremes such that the system is excessively rigid,
even small deviations from complementarity will be poorly tolerated as the system will
lack the flexibility to make small conformational adjustments to better accommodate a
less than perfect match. This is especially true for the interaction of chelating ligands

with metal centers. Since different metals have both well-defined sizes and preferred
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coordination geometries they are themselves very rigid by nature so a ligand designed
to coordinate to a target metal must be well matched in both size and the orientation of
the donor atoms. For example, when trying to bind to a transition metal with square
planar geometry where the orientation of coordinating sites are at a 90° disposition
relative to each other the bite angle of any two adjacent donor atoms in a chelating
ligand should converge at as close to a right angle as possible while still providing

sufficient space to accommodate the metal.

The macrocyclic effect is an extension of the chelate effect whereby a further
energetic gain can be achieved by closing a linear host into a macrocycle that has the
correct size to accommodate the guest. By closing a linear molecule into a macrocyclic
one the degrees of freedom of the host are significantly decreased and therefore the
entropy of the system is further reduced. Therefore the unfavourable decrease in
entropy upon binding of the guest is significantly less for the macrocyclic species relative

to the linear one.

Natural systems that exemplify the effective implementation of preorganization
via the chelate and macrocyclic effects are those containing porphyrin or porphyrin like
moieties such as the heme cofactor of hemoglobin and the various chlorophylls required

for photosynthesis ®°.
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Figure 1-17: Structures of A) the porphyrin skeleton, B) heme B cofactor found in human hemoglobin,
and C) chlorophyll A, the most common pigment molecule found in plants and algae.

As can be seen from the structures in Figure 1-17 above the porphyrin scaffold
takes advantage of both the chelate effect, by holding multiple specific binding sites (the
lone pairs of the nitrogens) together in close proximity in a single molecule, as well as
the macrocyclic effect, by having the binding sites held in a semi-rigid ring such that they
all face inward towards the site for metal coordination. The overall result is that these
molecules form exceedingly stable complexes with transition metals, a property critical
to their roles as protein cofactors necessary for two of the most critical cellular

functions of life as we know it. Although examples exist of proteins which can form the
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necessary specific interactions to bind transition metals, the additional entropy
associated with relative flexibility of the polypeptide backbone makes it difficult to

achieve the high association energies possible with porphyrin containing systems.

1.7 Designing Synthetic Self-Assembled Supramolecular Systems in Water

Having explored the types of non-covalent interactions as well as some examples
from Nature illustrating useful molecular recognition strategies available in the
supramolecular toolkit, the next step was the application of this knowledge towards the

goals set out for the research contained in this body of work.

Recall that the first goal was the incorporation of supramolecular self-assembly
strategies into the development of a novel system for generating complex transport
active ion channels from relatively simple synthetic precursors. Since the formation of
the lipid bilayer membrane is only possible in an aqueous environment by extension any
ion channel formed via a self-assembly strategy must also be realized in the presence of
water as well as the dynamic environment of the bilayer membrane. As discussed
previously, the strength of the electrostatic attraction critical to many of the non-
covalent interactions is severely diminished in aqueous solvent due to the competition
with polar water molecules. In addition, it is desirable to produce ion channels with
well-defined structure, particularly the shape and size of the pore, as this would allow
for the prediction of the channel conductance in a given electrolyte under a particular
applied potential using the Hille equation. If bilayer clamp experiments carried out on
the system provided measurable conductances in close agreement to predictions this
piece of information would go a long way towards confirming the nature of the ion
transporting species. In order to produce channels with defined structure interactions
with high directionality are preferred in addition to the criteria of providing strong
interactions in an aqueous environment. As such many of these interactions are
impractical for the establishment of primary interactions in a supramolecular ion
channel with defined structure, although they may have some utility as secondary

interactions to help stabilize a complex. Of the non-covalent interactions available the
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ones that seem particularly suited to the task are the ligand-metal interactions. These
are both exceedingly strong for non-covalent interactions in addition to providing a high

degree of directionality via the coordination geometry about the metal centre.

The second goal of the research was the investigation of potential mechanisms
for the generation of ion channels which mimic the ability of Natural ion channels to
modulate their function in response to external stimuli. Unlike the investigations into
the development of novel synthetic methodologies to generate self-assembling ion
channels which are thermodynamically stable, the challenge of designing systems with
dynamic function must involve working with conditions away from the state of
equilibrium. As such, focus in this vein of research will be on incorporating reversible

covalent bonds into ion channel design.

1.7.1 Existing Synthetic lon Channels Incorporating Metal-Ligand Self-Assembly
The incorporation of self-assembly strategies towards the synthesis of synthetic

ion channels based on metal-ligand interactions has already been implemented by

several groups in the field. Systems so far realized are presented in Figure 1-18 below

although the examples are limited due to the relative infancy of the research.
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Figure 1-18: Synthetic ion channels incorporating metal-ligand self-assembly into their designs.
The first example (Figure 1-18, A) by Kobuke ”°, involving the use of the
previously discussed porphyrin system, relies on the coordination of the terminal

imidazole ligands to the free axial position of the porphyrin bound zinc metal centers to
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generate an ion channel comprising three molecules bound to form a roughly hexagonal
pore with a depth corresponding to approximately half of the thickness of the bilayer
membrane. A large pore diameter was inferred for this channel based on the observed
ability to transport both lithium and calcium cations which, due to the large energetic
penalty associated with their dehydration, are likely to pass through the channel as
hydrated cations. It was also observed that the analogous compound in which the
carboxylate groups were converted to methyl esters showed no transport activity. This
observation was supportive of the hypothesis that the active channel molecule involved
the formation of intermolecular hydrogen bonds between two supramolecular
assemblies localized in each leaflet of the bilayer. In addition it was found that the
transport activity could be effectively attenuated by the introduction of a polycationic

dendrimer.

The second example (Figure 1-18, B) involves the self-assembly of the linear
pyridine terminated porphyrin containing bis-ligand in the presence of a rhenium salt
resulting in the generation of shape persistent square complex ’*. These were shown to
effect the collapse of the pH gradient in the HPTS vesicle assay. A large pore diameter
was also inferred for these channels based on the lack of ion selectivity for Group |
cations or inorganic anions. In addition these channels, as with those of the Kobuke
system (Figure 1-18, A), were found to rapidly lose the ability to transport ions by the
addition of a sufficiently large polycationic dendrimer. Smaller and less highly charged
dendrimers were shown to have significantly smaller effect on the transport efficiency,

another indication of a large pore size.

The third example (Figure 1-18, C) involves the use of the metal organic
polyhedron (MOP) created via the self-assembly of 5-dodecoxybenzene-1,3-dicarboxylic
acid units via coordination to Cu?* ions investigated by the Kim group 2. This system
takes advantage of the recent developments in the understanding of one of these
previously reported cages, MOP-18 "3, which possesses both lipophilic modification and

a diameter roughly corresponding to the thickness of the lipid bilayer. Upon
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introduction of this compound to the lipid bilayer, transmembrane conductivity of
transport events were observed that roughly corresponded to the sizes of the pores on
both the triangular as well as square faces of the MOP. In addition the compound was
found to exhibit a preference for the transport of lithium anions, a behavior rarely seen

due to the high energetic penalty involved in desolvating this densely charged cation.

The fourth example (Figure 1-18, D), which shares some topological similarity to
the MOP-18 channels in that the final structure takes the form of a large polyhedral
capsule, is Gokel’s pyrogallarene based capsule which self assembles into coordination
dimers, also in the presence of Cu®" cations ", Although the structures formed possess
diameters insufficient to span the bilayer membrane the transport of ions was
nonetheless observed suggesting either significant disruption of the lipid bilayer
structure by a single capsule or the cooperative action of two capsules in an end to end
fashion in order to bridge the distance. The compounds also showed some selectivity

for the transport of the smaller cations with the relative order Na* > K* > Cs".

The final example (Figure 1-18, E) developed in the Webb laboratory % involves a
cholate moiety modified with a terminal pyridine monodentate ligand. This compound,
which in its free state only spans approximately one half of the bilayer, was designed
such that upon coordination of one molecule localized in each leaflet of the bilayer
membrane to a palladium metal centre a supramolecular compound which spanned the
full distance would be formed. The cholate group was chosen based on previous
research by Kobuke ”® which showed that a molecule consisting of two covalently linked
cholate moieties exhibited excellent ion transport behavior. The palladium coordination
complex effectively acts as a stand in for the covalent linkage. When the compound was
introduced to the bilayer environment in the absence of metal centre no activity was
observed however activity was effectively turned on upon the addition of a source of
soluble palladium. In addition it was found that by adding hexathia-18-crown-6, which
forms strong supramolecular complexes with palladium effectively removing it from the

active complex, the transport activity could once again be turned off. This system is
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particularly interesting in the context of this thesis as it represents an example of the
realization of the second goal of the current research; a system exhibiting dynamic

function in response to an applied chemical stimulus.

These examples, although limited in number, point towards the viability of both
the metal-ligand self-assembly strategy for the generation of structures with well
defined structures and associated ion transport as well as the development of systems

exhibiting responsiveness to external stimuli resulting in dynamic transport activity.

1.8 Outline of the Thesis

The goals of this thesis were therefore two fold.

Firstly the investigation and implementation of a new strategy for the synthesis
of ion channels using metal-ligand coordination as a mechanism for self-assembly, in
particular the generation of supramolecular shape persistent macrocycles (Chapter 2).
To this end two existing metal-ligand supramolecular systems, the ethylenediamine
palladium(ll) - 4,4’-bipyridine squares of Fujita ’ and the LsM; bis-terpyridine base
hexagons of Newkome 8 were selected for structural modifications towards the
realization of structures with ion transport activity. In particular, modifications sought
to address properties of agueous-membrane partitioning and lipid solubility that the
lead compounds do not inherently possess. The work on the Fujita system was an

79,80 \while the

extension of previous research carried out in the Fyles’ laboratory
Newkome scaffold was chosen in response to perceived shortcomings inherent to the

Fujita system.

Chapter 3 explores the other goal set out in this introduction; the development
of environment sensitive ion channels that more closely mimic the behaviors seen in
Natural systems. To this end the focus of the research shifts away from the use of
metal-ligand interactions to generate static self-assemblies that exist at thermodynamic
equilibrium, towards the exploration of the chemistry of reversible covalent bonds as a

methodology for realizing systems which exhibit dynamic function in response to
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externally applied stimuli. In particular reactions involving sulfur in a central role in the

form of thioester - thiol and disulfide - thiol exchange reactions were investigated.
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2 Thermodynamic Metal - Ligand Self-Assembly of Semi-Rigid

Macrocycles

2.1 Conceptual lon Channel Motifs

An ion channel is, in its simplest conception, a tubular structure which effectively
spans the bilayer membrane. This description is of course far too simple as there are
myriad other components which impart the specific properties which make each ion
channel unique. Regardless, even by the minimal constraints imposed by this simple
conceptual model one can in fact envision many different ways with increasing
dependence on self-assembly in which to form a membrane spanning tube as outlined

schematically in Figure 2-1 below 2%

Unimolecular Barrel-stave Barrel-hoop Barrel-rosette

Figure 2-1: Simplified representation of the conceptually possible ion-channel motifs.

Although the unimolecular channel is appealing in that it allows for precise
control over the internal diameter of the transmembrane channel the synthetic
investment involved in producing a molecule large enough to retain a rigid internal
channel as well as spanning the ~4 nm distance 3! from one side of the membrane to the
other is quite daunting, even more so when one considers that there is no guarantee

that the time and labor invested will generate an active channel at all.

Conversely the rosette model which requires the smallest individual subunits is
appealing in that it initially seems to require the least synthetic investment. However
one must also take into account the increasing entropic penalty involved in bringing

larger and larger assemblies of the subunits together into a coherent and stable
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structure. In addition the stability of the assembled structure also depends on available
pathways to decomposition, in the complex and chaotic environment of the lipid bilayer
membrane viable routes may become more plentiful to poorly organized systems. The
design of the subunits is therefore very involved as any small perturbation from an ideal
arrangement of intermolecular interactions is very likely to result in a failure to self-
assemble. This entropic penalty can be overcome by ensuring that the enthalpy of each
individual interaction is strong, but achieving this is likely to involve the synthesis of
what could amount to quite complex molecules leading again to a relatively intensive

investment of labor.

This leaves both the barrel stave and barrel hoop models as potential routes to
active channel molecules. These sit comfortably in between the robust but labor
intensive large tube model and the synthetically simple but entropically disfavored
rosette model. At first glance the stave and hoop models may appear more or less
interchangeable from a synthetic complexity argument but one must also consider the

benefits and drawbacks of each system.

The barrel stave conformation’s strength lies in that, if properly designed, the
construct is more or less guaranteed to span the bilayer. The penalty is of course that as
the number of staves increases the relative difference in energy of adding in an
additional stave to the system decreases and therefore there is less control over the
pore diameter and in all likelihood several pore diameters could be of similar stability.
Indeed the channels themselves may dynamically ‘breathe’ as staves enter and leave

the architecture as seen in the Natural alamethicin ion channels .

The barrel hoop model has the opposite advantages and disadvantages to the
barrel stave model. The macrocyclic hoops, if semi-rigid, impart an inherent diameter to
the architecture but in order to span the bilayer membrane several molecules must self-
assemble into a tubular structure. Synthetically it is also generally more difficult to
generate sufficiently large macrocyclic structures than linear ones so there is likely a

slightly larger involvement of labor in the production of hoops rather than staves.
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In the context of this project however there is a preference to have greater
control over the diameter of the pores even at cost of increased synthetic complexity.
By generating a structure with a semi-rigid pore like structure it should be possible to
unambiguously recognize the structure of the channels formed based on the transport
activity observed. Based on the internal diameter of a rigid channel predictions of the
expected conductance in a given electrolyte can be made using the Hille equation
(Section 1.4.2). If observed conductances match relatively well to these predictions it is
very likely that the observed activity is in fact due to ions passing through the internal

diameter of the shape persistent macrocycle.

2.2 Macrocycles and Supramolecular Self-Assembly

In order to tackle the increased synthetic complexity of generating structures
containing rigid or semi-rigid macrocycles a possible approach is to employ a self-
assembly strategy whereby smaller individual components are synthesized such that
they are pre-programmed to come together in an ordered fashion. As discussed
previously, many of the non-covalent interactions available to chemists either lack
sufficient directionality or are too weak to drive self-assembly to a discrete structure,
especially in the polar aqueous environment, to be useful for generating self-assembling
macrocyclic constructs. One class of interactions does stand out as having the necessary

strength and directionality for the task: metal - ligand interactions.

Upon first inspection it may seem that using metal - ligand interactions as the
basis for constructing the individual macrocyclic elements of a barrel hoop channel
forming suprastructure would be better described as being a barrel rosette motif.
However, considering that the strength of metal - ligand interactions is on par with that
of covalent bonds, as well as the relatively low reversibility of these interactions as
compared to all other non-covalent interactions discussed, the barrel hoop description

is more apt for this type of system.



54

2.3 The Fujita Square

With the goal of generating shape persistent macrocycles via self-assembly using
metal-ligand interactions which would in turn self-assemble themselves into a barrel
hoop ion transporting structure, previous efforts in the group focused on modifying
existing metal - ligand assemblies. The particular lead system chosen was the Fujita
square ’’ (2-3) depicted in Scheme 2-1.
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Scheme 2-1: Schematic illustrating how the component parts, ethylenediamine palladium(ll) (2-1) and
the 4,4’-bipyridine(2-2), self-assemble to form the Fujita square (2-3).

The Fujita square (2-3) is a well-studied metal - ligand supramolecular
architecture formed from the self-assembly of four 4,4’-bipyridine molecules (2-2) with
four ethylenediamine palladium(ll) (2-1) moieties to form a semi-rigid square structure
with an internal diameter of ~7.8 A. If one envisions the internal diameter of this square
being extended to a channel like molecule the internal diameter is more than sufficient

for the transport of solvated cations all of which have hydrodynamic radii less than 2A.

24 Previous Work - First Generation Modified Fujita Squares

Previous work in the group ”® involved the modification of the ethylenediamine
ligand moiety (2-1) of the assembly with long chain hydrocarbons attached via ether

bonds to generate compounds such a 2-4 shown in Figure 2-2. The hypothesis was that
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if the overall architecture could be made more hydrophobic that it would preferentially
partition into the non-polar bilayer membrane interior where the semi-rigid macrocycle

could serve as an effective channel structure for the passage of ions as illustrated in

Figure 2-2.
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Figure 2-2: A) Structure of the first generation modified lipophilic ethylenediamine palladium(ll) corner (2-
4) and B) structure of the first generation modified Fujita square (2-5) and a stylized representation
illustrating an idealized arrangement of two such squares in the bilayer membrane to form a channel like
structure.

The modified Fujita square (2-5) did indeed show ion channel activity in the
bilayer clamp assay; high conductance events with very long lifetimes were observed ”
The very long duration of the openings indicated very stable channel structures however
the size of the openings, as obtained from the observed conductance via the Hille
equation, were too large to be attributed to the passage of ions through the 7.8 A
internal diameter of the macrocycle. In addition it was discovered that identical activity

could be observed in the absence of the 4,4’-bipyridine moiety (2-2) suggesting that the
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active structure was formed from the lipophilic ethylenediamine palladium(ll) corners

(2-4) alone.

Although disappointing, these observed behaviors supported the fundamental
hypothesis that increasingly lipophilic structures could partition into the bilayer and
elicit ion transport activity. The main failure of the model appeared to be the lack of
effective partitioning of the 4,4’-bipyridine (2-2) into the bilayer along with the lipophilic
ethylenediamine palladium(ll) moiety (2-4). If the 4,4’-bipyridine moiety could not
partition effectively into the bilayer then logically it is less likely that the modified
square structure (2-5) could effectively form there either. To this end the first new
synthetic targets for this body of work were 4,4’-bipyridine molecules modified to be

more lipophilic and therefore have more favorable partitioning into the bilayer.

2.5 Design Considerations for Second Generation Modified Fujita Squares

Several considerations had to be taken into account when determining the
desired nature of the modifications to the 4,4’-bipyridine scaffold. In order to increase
the hydrophobicity of the molecule some form of appended alkyl substituent was the
most logical direction as this type of modification was seen to increase partitioning of
the ethylenediamine palladium(ll) moiety in the first generation of modified Fujita
squares (2-5). The geometry and nature of the bond to be formed between the alkyl
substituent and the 4,4’-bipyridine scaffold required more evaluation. Due to the high
degree of symmetry and the rotational freedom of the 4,4’-bipyridine molecule within
the square superstructure there are essentially only two potential sites for modification;
those ortho and meta to the ring nitrogen of each pyridine. Substitution at either
position would lead to different steric restrictions (Figure 2-3). Modifications at the
ortho position to the ring nitrogen would introduce steric repulsion with the
ethylenediamine palladium(ll) unit upon coordination ® while modification at the meta
position would induce steric repulsion resulting in a higher barrier to rotation between
the two pyridine rings 3. Clearly the loss of rotational freedom is preferable to

potentially destabilizing the metal ligand interaction which could result in a weaker
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supramolecular complex or even a failure of the square complex to form at all. In order
to minimize the effect that substituents at the meta position would have on the
rotational freedom of the molecule the functional group used to attach the alkyl chain
should be carefully chosen such that it possesses the minimum steric bulk. Among
these the most promising functional groups that have sufficient stability to stand up to
the chemistry required in further synthetic steps are the methylene, the secondary
amine or the ether linkage. Of these three the ether linkage stands out as being the
least sterically bulky as two of the substituents on the oxygen are simply electron pairs
whereas the secondary amine possesses one additional hydrogen atom and the
methylene possesses two. Conceptually these relative barriers of rotation in the
substituted 4,4’-bipyridines can be related to the B-values associated with the barriers

to internal rotation of the structurally related substituted biphenyls 8
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Figure 2-3: A) 4,4’-bipyridine structure with ring positions numbered and colour coded; red = ortho, green
= meta, blue = para relative to ring nitrogen. B) lllustration of the different possible steric interactions
induced by modifications to the 4,4’-bipyridine molecule. Interactions affecting free rotation between the
two pyridine rings in red and interactions inhibiting self-assembly of the 4,4’-bipyridine and
ethylenediamine palladium(Il) molecules in blue.

In addition one must consider the degree of substitution, that is the number of
substituents on each 4,4’-bipyridine. Having decided on limiting substitution to the
positions meta to the ring nitrogens this means anywhere from one to four substituents.
Given that the most likely synthetic route involves aryl-aryl coupling of the positions
para to the ring nitrogen of substituted pyridines it is preferable for the molecule to

possess symmetry across the single bond joining the two pyridine units in order to
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simplify the synthesis. This structural arrangement also has the effect of minimizing the
number of possible stereochemical configurations in the final square complex, and
therefore the number of different possible square structures, possibly leading to easier
characterization. This requirement eliminates the mono and tri substituted molecules
as targets as well as the disubstituted molecule with both substitutions on one pyridine
ring. Of the remaining two options the disubstituted molecule with one substituent on
each pyridine ring is preferable to the tetrasubstituted molecule as the rotational

freedom of the less substituted molecule is significantly greater.

2.6 Target Molecules and Retrosynthetic Analysis

With all of these criteria in mind the initial synthetic target for the lipophilic 4,4’-
bipyridine was 3,3’-dodecyloxy-4,4’-bipyridine (A) illustrated in Scheme 2-2 below with

the preliminary retrosynthetic analysis.
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LG HO  2-6

Scheme 2-2: Retrosynthetic analysis of the target 3,3’-didodecyloxy-4,4’-bipyridine (A) molecule with key
disconnections shown.

The initial retrosynthetic analysis of the product was quite straight forward. The
initial synthetic step was to involve the formation of an ether bond between 3-
hydroxypyridine and the alkyl chain with an appropriate leaving group. This was to be
followed by the installation of a halide or boronic acid at the position para to the ring
nitrogen which would serve as the reactive components needed for the metal catalyzed
carbon-carbon bond forming Suzuki reaction ® to afford the final lipophilic 4,4’-

bipyridine molecule.

2.7 Synthesis

Unlike benzene ring systems, due to the electron deficient nature of the pyridine

ring structure, electrophilic aromatic substitution is not the preferred pathway to
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obtaining substituted pyridines. Pyridines instead prefer to undergo substitution via
nucleophilic aromatic substitution with preference for substitutions at the positions
ortho and para to the ring nitrogen due to resonance delocalization of electrons to the
nitrogen atom. However, nucleophilic aromatic substitutions of this nature are
generally only successful for 2 or 4-halopyridines rather than unsubstituted pyridiness.
This is due to the fact that the halides are much better leaving groups than the hydride
which would need to be displaced in the case of unsubstituted pyridine. In order to
counteract these preferences in the reactivity of pyridines, a common strategy is to
oxidize them to the corresponding pyridine-N-oxides . Due to the increased electron
density of the pyridine-N-oxide ring system, especially at the sites ortho and para to the
ring nitrogen through resonance delocalization, these molecules are markedly more

reactive towards electrophilic aromatic substitution; see Figure 2-4.
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Figure 2-4: Resonance delocalization of electrons within the A) pyridine ring system and B) the pyridine N-
oxide ring system to illustrate the origins of the differential reactivity between the two ring systems.

Due to these improved reactivity properties pyridine-N-oxides played an integral

role in the initial attempted syntheses as described in Scheme 2-3 below.
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Scheme 2-3: Scheme of the initial attempt of the synthesis of 3,3’-disubstituted-4,4’-bipyridines starting
with the oxidation of 3-hydroxypyridine (2-6) to the corresponding 3-hydroxypyridine-N-oxide (2-7).

As shown in Scheme 2-3, the first step in the initial attempt at the synthesis of
3,3’-dodecyloxy-4,4’-bipyridine (A) involved the oxidation of 3-hydroxypyridine (2-6) to
3-hydroxypyridine-N-oxide (2-7) using hydrogen peroxide in acetic acid ®. The success
of the reaction was confirmed by comparison of the NMR spectra to literature spectra.
The next step in the synthesis was the attempted bromination of the 3-hydroxypyridine-
N-oxide (2-7) to 4-bromo-3-hydroxypyridine-N-oxide (2-8) using t-butyllithium,
tetramethylethylenediamine (TMEDA) and 1,2-dibromoethane as the bromine source.
Unfortunately these conditions failed to elicit any reaction. As an alternative pathway
to the brominated compound a more circuitous route was proposed involving first the
nitration of the 3-hydroxypyridine-N-oxide (2-7) to 3-hydroxy-4-nitropyridine-N-oxide
(2-9), followed by reduction of the newly installed nitro group to the amine to yield 4-
amino-3-hydroxypyridine-N-oxide (2-10) and finally conversion of the amine group to
the desired bromide using the Sandmeyer reaction to afford the desired 4-bromo-3-
hydroxypyridine-N-oxide (2-8). Unfortunately attempts at nitrating the 3-

hydroxypyridine-N-oxide (2-7) resulted in the generation of sparks and the evolution of
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copious amounts of dark brown nitrogen dioxide gas as well as the decomposition of the

starting material to an intractable black sludge.

At this point it was suspected that perhaps the free hydroxyl group of the 3-
hydroxypyridine-N-oxide was responsible for the unwanted side reactions resulting in
the decomposition of the reacting materials. It was hypothesized that in order to
circumvent this unwanted reactivity the hydroxyl group could be first converted to the
desired lipophilic ether in order to mitigate its reactivity. The newly conceived pathway,
shown in Scheme 2-4, would start with converting the hydroxyl group of 3-
hydroxypyridine (2-6) to 3-dodecyloxypyridine (2-11) followed by oxidation of this
molecule to 3-dodecyloxypyridine-N-oxide (2-12). Performing these steps in the reverse
order, that is trying to form the ether of the pyridine-N-oxide, was ruled out due to the

possibility of alkylating the oxygen of the ring nitrogen.
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Scheme 2-4: Attempted syntheses of 4-bromo-3-dodecyloxypyridine-N-oxide (2-15) and 3-dodecyloxy-4-

nitropyridine-N-oxide (2-16).

The first step in this pathway involved converting n-dodecanol (2-13) to a

molecule with an appropriate leaving group for the attack from the hydroxylate of 3-

hydroxypyridine (2-6). The chosen leaving group was the p-toluenesulfonyl group. This

group was chosen over the similarly reactive mesylate or triflate groups primarily in
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order to provide easy UV visualization of the product on thin layer chromatography.
The primary alcohol of n-dodecanol (2-13) was converted to the n-dodecyl p-
toluenesulfonate (2-14) via the reaction with p-toluenesulfonylchloride in pyridine as
the solvent as per literature procedure ®°. The product was confirmed by comparison of
NMR spectra to those from literature. Yields from this reaction were generally quite
respectable so long as appropriate care was taken to ensure that the alcohol and

pyridine were free of moisture.

The next step in the synthesis involved the coupling of the electrophilic n-
dodecyl p-toluenesulfonate (2-14) with 3-hydroxypyridine (2-6) to yield 3-
dodecyloxypyridine (2-11). The reaction was carried out by first deprotonating the
hydroxyl group of 3-hydroxypyridine (2-6) using potassium hydride in an ice bath
followed by the addition of the n-dodecyl p-toluenesulfonate (2-14) and allowing the
mixture to come to room temperature. Again the reaction proved high yielding so long
as care was taken to ensure that moisture was eliminated from the reaction. The NMR
revealed a new triplet signal at 3.86 ppm corresponding to the methylene adjacent to
the oxygen of the ether bond. Initial attempts at the reaction using the less reactive but
easier to handle sodium hydride failed to produce the desired product with sufficiently

high yield.

Oxidation of the resulting 3-dodecyloxypyridine (2-11) carried out under
identical conditions to those used for the 3-hydroxypyridine (2-6) also provided good
yields of the product, upfield shifts of the aromatic signals in the proton NMR provided
evidence of the successful reaction. With the 3-dodecyloxypyridine-N-oxide (2-12) in
hand attempts were made at carrying out the bromination reaction to yield the 4-
bromo-3-dodecyloxypyridine-N-oxide (2-15) using the same conditions attempted with
the 3-hydroxypyridine-N-oxide (2-7, Scheme 2-3) with similarly disappointing results.
Changing focus to the more synthetically involved pathway to the brominated product
as previously discussed for 3-hydroxypyridine-N-oxide (2-7), several attempts were

made at nitrating 3-dodecyloxypyridine-N-oxide (2-12) to 3-dodecyloxy-4-nitropyridine-
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N-oxide (2-16) using various nitrating reaction conditions. Unlike the attempts at
nitrating the 3-hydroxypyridine-N-oxide (2-7) however, none of these reactions resulted
in the decomposition of the starting material; rather they resulted in no significant

reaction whatsoever.

Battling through these synthetic setbacks another approach was conceived
whereby the hydroxyl group of the 3-hydroxypyridine (2-6) would first be converted to
the corresponding N,N-diethylcarbamate; see Scheme 2-5. This modification was
selected because it is known to induce directed ortho metalation allowing the addition

of an electrophile ortho to the carbamate directing groupgo.
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Scheme 2-5: Attempted syntheses towards 2,2’-disubstituted-4,4’-bipyridines.
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The conversion of 3-hydroxypyridine (2-6) to the N,N-diethylcarbamate molecule
(2-17) occurred readily and in high yields using diethylcarbamoyl chloride and
triethylamine as the base using literature procedures a Subsequently the carbamate
protected pyridine (2-17) was successfully brominated at the position para to the ring
nitrogen by first lithiating the compound using sec-butyllithium and
tetramethylehtylenediamine (TMEDA) as catalyst at -78°C followed by the addition of
1,2-dibromoethane as the source of bromine. This procedure was also carried out
according to literature with the product exhibiting identical NMR spectra 2 From this
brominated product (2-18), attempts were made at the direct aryl-aryl coupling using

93,94 Unfortunately both conditions

two different nickel catalyzed coupling procedures
failed to afford the desired carbamate protected bipyridine molecule (2-19). It was
hypothesized that perhaps the N,N-diethylcarbamate group, due to it steric bulk, was
preventing the proper reactive collision geometry of the aryl rings. Guided by this
hypothesis the carbamate group was cleaved from the brominated pyridine molecule
using a simple sodium hydroxide treatment to form compound (2-20) in preparation for
a subsequent attempt at coupling the newly synthesized 4-bromo-3-hydroxypyridine
molecule using one of the conditions attempted for the carbamate protected molecule
(2-18). Once again these conditions proved ineffectual in yielding the desired 4,4’-

bipyridine molecule (2-21) and much of the 4-bromo-3-hydroxypyridine (2-20) was

recovered from the reaction.

With the hypothesis that the free hydroxyl group on the molecule may have
somehow adversely affected the coupling reaction it was hypothesized that perhaps
converting the free hydroxyl to the dodecyloxy group at this stage of the synthesis may

allow the desired aryl-aryl cross-coupling to occur as per Scheme 2-6.
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Scheme 2-6: Attempted synthesis of 4-bromo-3-(dodecyloxy)pyridine (2-22) from 4-bromo-3-
hydroxypyridine (2-20).

To this end the ether substituted molecule was synthesized from the tosylated
dodecanol using the same procedure as used for the non-brominated pyridine (2-6) as
described earlier (Scheme 2-4). Initially this procedure seemed to be quite successful in
producing the desired 4-bromo-3-(dodecyloxy)pyridine (2-22) based on TLC analysis of
the reaction mixture however, over the span of a few hours the initially pale orange oil
slowly turned into a dark brown intractable solid indicating that the product had

decomposed.

Given the instability of this product and the overall failure of the direct aryl-aryl
coupling of the 4-bromopyridines it was decided to abandon this type of coupling in
favor of a Suzuki coupling procedure using one of the existing 4-bromopyridine
molecules. The other component necessary to obtain the desired 4,4’-bipyridine
molecule via the Suzuki cross-coupling reaction is a pyridine with a boronic acid

substituent at the position para to the ring nitrogen.
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Scheme 2-7: Attempted boronation of pyridine-3-yl diethylcarbamate (2-17) and the subsequent
hydrolysis of the resulting product mixture.

In order to synthesize such a molecule the previously synthesized carbamate
protected pyridine (2-17) served as a good starting point; as discussed previously the
carbamate moiety was shown to act as an effective ortho director for electrophilic
aromatic substitution in the reaction to afford the 4-bromoyridine molecule (2-18). As
shown in Scheme 2-7 a reaction was carried out according to a literature procedure %
analogous to that for the ortho directed bromination except for the use of triisopropyl
borate as the electrophilic component. The reaction appeared to proceed relatively well
as indicated by the reduction in the intensity of the spot due to the carbamate on TLC
and the appearance of a new UV active spot. However, using a variety different TLC
conditions revealed that the newly observed spot was actually several spots with near
identical mobilities. In an attempt to improve the resolution of these products for
purification the product mixture was given a mild acid treatment to hydrolyze any
potential boronic esters followed by a neutralization step with sodium bicarbonate to
deprotonate the pyridine nitrogen. TLC analysis of the products of this treatment
revealed no improvement in the resolution of the various products and attempts to
purify either the remaining suspected boronic ester or the hydrolyzed mixture failed to

afford any desired product. The observation of poorly resolved product mixtures is
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likely due to the formation of various complexes between the pyridine, a Lewis base,

and boronic acid, a Lewis acid.

Undeterred by the various dead-ends encountered in the synthesis to this point
it was hypothesized that perhaps the pyridines with the more reactive iodine
substituent at the position para to the ring nitrogen could serve as better starting

materials for the direct aryl-aryl cross-coupling reactions.

0 0 1.1: 1.2 eq sec-Buli, 1.2
5
AN j/ eq TMEDA, THF, -78°C, 0 /0
1hr
r W 84%
1.2:12eql,
217 2-24

, RT, 24hrs

47 (aa) Spontaneous

1.3: Excess NH,CI
Dimerization

_«O
2 N\

i X ﬁ&
-~ N
)
2-25
100%

Scheme 2-8: Attempted synthesis of 4-iodopyridin-3-yl diethylcarbamate (2-24) from pyridine-3-yl
diethylcarbamate (2-17) resulting in the dimerized pyridinium iodide salt product (2-25) instead.

With this impetus the synthesis returned once again to the pyridine-3-yl
diethylcarbamate (2-17) for the directed ortho metallation reaction using molecular
iodine as the halogen source to generate 4-iodopyridin-3-yl diethylcarbamate (2-24) as
per a literature procedure % The reaction and purification went smoothly and initial
NMR analysis of the product showed only the desired product contaminated with a
small amount of ethyl acetate solvent from the chromatographic purification. In an
attempt to remove the residual solvent from the product, a clear colourless oil, it was

put under high vacuum. Over the course of a few hours however, the product turned to
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a deep brick red glasslike solid. TLC analysis of this solid revealed complete and clean
conversion of the 4-iodopyridin-3-yl diethylcarbamate (2-24) into a new product with
lower mobility. NMR spectra of this new product revealed that the initial compound
had dimerized to form the pyridinium iodide salt of the desired product (2-25). At this
point in the chemistry it became clear that an entirely new path to 3,3’-disubstituted-

4,4’-bipyridines was in order.

The new strategy involved abandoning the ether linkage between the pyridine
and the alkyl components altogether in favor of a methylene linkage. Even though the
methylene group is more sterically demanding than the ether it also has a much smaller
effect on the electron density of the various positions of the pyridine ring relative to the
electron donating ability of the ether or hydroxyl substituent. This would lead to
reactivity of the modified pyridine ring that was more in line with what is observed for

unmodified pyridine.

The retrosynthetic analysis for the target 3,3’-disubstituted-4,4’-bipyridines with
the methylene linkage rather than the ether linkage is quite similar to that for the
targets containing the ether linkage, with disconnections occurring in a slightly different

order as depicted in Scheme 2-9.
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Scheme 2-9: Retrosynthetic analysis of the target 3,3’-ditridecyl-4,4’-bipyridine (2-26) molecule with key

disconnections shown.

The major difference in the retrosynthetic analysis was that the initial starting
material for the synthesis was B-picoline (2-27) rather than 3-hydroxypyridine (2-6)

which precipitated the changes to the order of the disconnections.
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Scheme 2-10: Synthesis of 4-bromo-3-methylpyridine-N-oxide (2-30).

The first step attempted in the synthesis was the oxidation of B-picoline (2-27) to
the corresponding 3-methylpyridine-N-oxide (2-28) employing the same literature
conditions used for previous pyridine oxidations; see Scheme 2-10. The successful
oxidation was determined by comparison of the NMR spectra to literature spectra. The
next step was to nitrate compound (2-28) at the position para to the ring nitrogen using
a mixture of sulfuric and nitric acid at elevated temperatures as per a literature
procedure 7 which proved to be quite effective for this starting material unlike for the
3-hydroxypyridine-N-oxide (2-7) and 3-dodecyloxypyridine-N-oxide (2-12) starting
materials. This provided further evidence to support that the oxygen bonded to the
pyridine ring at the position meta to the ring nitrogen had an adverse effect on the
reactivity of these molecules towards nitration. The next step involved the attempted
conversion of the nitro group of the 3-methyl-4-nitropyridine-N-oxide (2-29) to a
bromine atom. The first procedure carried out using phosphorous tribromide at
elevated temperatures was shown in literature % 1o effect both the bromination and
reduction of the pyridine-N-oxide (2-29) to the corresponding pyridine in the same

reaction; however attempts to reproduce these results failed to afford the desired



74

product after several attempts. An alternative approach from literature * using
refluxing acetyl bromide in acetic acid proved to be much more effective in obtaining

the desired 4-bromo-3-methylpyridine-N-oxide (2-30).

With this compound in hand attempts were made at the direct Nickel catalyzed
aryl-aryl cross-coupling % as attempted previously with 4-bromopyridin-3-yl
diethylcarbamate (2-18) and 4-bromo-3-hydroxypyridine (2-20); unfortunately as with

those attempts no reaction was observed; Scheme 2-11.

1.1: 1.1 eq NaH, 4.0eqPPh_, 1.0
eq Ni(OAc),, DME, 60°C, 10min

2

1.2: -BuOH, 60°C, 2hrs

Scheme 2-11: Attempted aryl-aryl homo coupling of 4-bromo-3-methylpyridine-N-oxide (2-31).

With this failure, the next reaction attempted was the conversion of the bromine
group of the 4-bromo-3-methylpyridine-N-oxide (2-30) to the boronic acid in order to
provide the necessary components for a Suzuki cross-coupling reaction. A reaction was
carried out using sec-butyllithium and triisopropyl borate however much like the
attempt at a similar reaction with pyridine-3-yl diethylcarbamate (2-17) the reaction
resulted in the formation of many products that were not chromatographically

resolvable; see Scheme 2-12.
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Scheme 2-12: Attempted synthesis of 3-methyl-4-pyridylboronic acid (2-32) from 4-bromo-3-
methylpyridine-N-oxide (2-30).

With this most recent setback in the synthesis of 3,3’-disubstituted pyridines a
literature search going back further in the past came up with an interesting procedure
for the homo-coupling of two B-picoline (2-27) molecules to form 3,3’-dimethyl-4,4’-

bipyridine (2-33) presented in Scheme 2-13.

N
1.1: 1.0 eq TMSCI, THF, N, 0°C, 1hr ~ |
AN 1.2: 1.2 eq Na(s), N,, 0°C -> RT, 16hrs NS
| < 1.3: KMnO, (until colour persists)
N 4 ! | ~
Acetone, H O
2-27 2 -
N
2-33

Scheme 2-13: Synthesis of 3,3’-dimethyl-4,4’-bipyridine (2-33).

This aryl-aryl cross-coupling, involving the reaction of B-picoline (2-27) with
trimethylsilyl chloride (TMSCI) and solid sodium metal in dry THF under an inert nitrogen
atmosphere *°, was carried out to afford a modest but encouraging yield of the desired
3,3’-dimethyl-4,4’-bipyridine (2-33). Further refinement of the reaction conditions such
as using more finely divided sodium resulted in some improvement in yield. The
structure of the final product was confirmed by comparison with literature NMR
spectra. With the 3,3’-dimethyl-4,4’-bipyridine (2-33) finally in hand the next task was
to extend the methyl groups to longer alkyl chains in order to increase the lipophilicity

of the molecule as per Scheme 2-14.
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Scheme 2-14: Synthesis of 3,3’-ditridecyl-4,4’-bipyridine (2-34) and 3,3’-diheptadecyl-4,4’-bipyridine (2-
35) which also produced small quantities of the side products 3-tridecyl-4,4’-bipyridine (2-36) and 3-
heptadecyl-4,4’-bipyridine (2-37).

In order to accomplish this, two analogous reactions adapted from literature 1
were carried out under conditions differing only in the length of alkyl halide used; either
1-iododecane or 1-bromohexadecane. The reaction involved the in-situ generation of
the strong, non-nucleophilic base lithium diisopropylamide via reaction of
diisopropylamine and sec-butyllithium in THF at -78°C, to which was added the 3,3’-
dimethyl-4,4’-bipyridine (2-33). This reaction mixture was then treated with the
respective alkyl halides and allowed to warm to room temperature. The reactions
resulted primarily in the formation of the desired 3,3’-ditridecyl-4,4’-bipyridine (2-34)
and 3,3’-diheptadecyl-4,4’-bipyridine (2-35) targets as well as smaller quantities of the

monosubstituted molecules 2-36 and 2-37.

With these compounds in hand the synthesis of the lipophilic ethylenediamine

palladium(Il) molecule was carried out as previously reported ”

2.8 NMR Studies of the Self-Assembly of Second Generation Lipophilic Fujita

Squares

With the two target compounds with lipophilic modifications (2-34 and 2-35) in
hand as well as the lipophilic ethylenediamine palladium(ll) corner (2-4, Figure 2-2)
focus could turn to studying the self-assembly of these components and investigating

the ion-channel activity of the resulting supramolecular assembly.
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The technique of choice to study the self-assembly process was nuclear magnetic
resonance spectroscopy. Using this technique it should be possible to detect changes in
the chemical shift of the protons of the bipyridine ring system upon coordination of the

bipyridine nitrogens to the palladium metal centers; Figure 2-5.

A Hy 2+

N--Pd

NH, 1 A
B _ r\.IH21 +
N/_\ \ /I\I

Figure 2-5: Relative changes to chemical shifts expected upon complex formation between 4,4’-bipyridine
(B) and ethylenediamine palladium(ll) (A), green arrows indicate which H signals are expected to
experience downfield shifts with the relative sizes of the arrows indicative of the relative magnitudes of
these shifts.

The expected changes in the *H NMR spectra should be downfield shifts of the
pyridine ring nitrogens as coordination to the relatively electrophilic palladium(ll)
centres should result in electron density being pulled out of the pyridine ring system
resulting in a net deshielding of the ring protons illustrated in Figure 2-5. Before these
observations could be made the important task of determining an appropriate NMR
solvent had to be addressed. This seemingly simple task actually proved to be quite
difficult as the lipophilic ethylenediamine palladium(ll) corner (2-4) and the lipophilic
bipyridines (2-34 and 2-35) had incompatible solubilities. The palladium containing
compound (2-4) was soluble in deuterated acetonitrile (d3-MeCN) whereas the lipophilic
4,4’-bipyridines were not; the converse situation was true in deuterated
tetrahydrofuran (d4-THF). Upon mixing the two deuterated solvent solutions of the two
components a gummy white precipitate was quickly formed. This observation could
indicate one of several events. One possibility was that either one or both of the
components had precipitated out of the mixed solvent solution before any self-

assembly of components had occurred, clearly this would be a highly undesirable
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outcome. Another possibility was that the self-assembly of the two components had
occurred to generate species of higher stoichiometry at which point these higher
species became insoluble and at this point precipitated from the mixed solvent. A final,
and most desirable, possibility could be that the precipitate was itself the desired final
square complex. Attempts were made at filtering the mixture to remove the precipitate
in hopes of analyzing it but these resulted in either the passage of the solids through the
filter into the filtrate or rapid clogging of the filter with the gummy semi-solid produced
resulting in no filtrate being collected. NMR spectra of this mixture were unsurprisingly

of very poor quality and of no analytical value due to the presence of solids.

Fortunately with heating small amounts of the lipophilic ethylenediamine
palladium (1) corner (2-4) could be dissolved into d4-THF but the fear was that the high
temperatures and the relatively good coordinating properties of THF could cause the
initial palladium(Il) coordination complex (2-4) to dissociate. If this occurred it would
then be possible, upon the solution cooling, for a variety of different palladium
coordination complexes to form with varying stoichiometries of 3-

(hexadecyloxy)propane-1,2-diamine and d4-THF.

o—C12H25

A B 0 C
A “CygHos
/\NH
0
- [ NHE < i 22+H2
0--Pd-0 i S N --Pd=N
~— ' — N--E’d -OG H i >
0 Hy | o B,N ‘1.1&!7
W <) v
\W/ \ /
~0
H5C72
Figure 2-6: Possible palladium(ll) coordination complexes formed with varying stoichiometries of
lipophilic ethylene diamine and d,-THF.
Of the possible structures, the worst case would be the bis-3-
(hexadecyloxy)propane-1,2-diamine palladium(ll) (C, Figure 2-6) as this compound is

likely to be relatively stable and no longer able to coordinate to the nitrogens of the

lipophilic bipyridine molecule to form the desired square complex since all coordination
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sites are already occupied. Regardless of these potential drawbacks a solution of the
lipophilic palladium corner (2-4) was made in d4-THF and mixed with an equimolar
solution of the 3,3’-diheptadecyl-4,4’-bipyridine (2-35) in the same solvent. The
resulting solution was then analyzed by *H NMR to observe if there were any significant

changes to the chemical shifts of the bipyridine ring nitrogens.
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Figure 2-7: 'H NMRs in d4-THF of A) the lipophilic ethylenediamine palladium(ll) corner (2-4), B) 3,3’-
diheptadecyl-4,4’-bipyridine (2-35) and C) a 1:1 mixture of the two compounds.

As can be seen from the NMR spectra of the mixture of the two compounds (C,
Figure 2-7) as compared to the neat lipophilic bipyridine (B, Figure 2-7) spectra there are

some changes to the chemical shifts of the pyridine ring protons. Although the signals
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of interest found in the aromatic region are quite weak, each one represents only two
protons whereas the alkyl signal at approximately 1.3ppm is due to the 89 methylene
protons from the aliphatic tails of the palladium corner (2-4) and the 3,3’-diheptadecyl-
4,4’-bipyridine (2-35), there does appear to be some very small signals downfield of
those for the lipophilic 4,4’-bipyridine (2-35) on its own. Qualitatively the spectra of the
mixture has some of the characteristics expected for the square complex but due to the
poor resolution of the aromatic proton signals relative to the rest of the protons a
definitive assessment of the success of the self-assembly of the square complex

remained elusive.

While trying to determine an appropriate solvent to carry out these self-
assembly studies it was discovered that the precursor to the final lipophilic 4,4’-
bipyridines, 3,3’-dimethyl-4,4’-bipyridine(2-33,Scheme 2-13), was soluble in ds-THF
much like the lipophilic ethylenediamine palladium(ll) corner (2-4). As an analog for the
study of the effect of substitution of the 4,4’-bipyridine at the 3 and 3’ positions on the
self-assembly of the more lipophilic Fujita square, using the 3,3’-dimethyl-4,4’-bipyridine
(2-33) is reasonable. Even though the methyl substituent is much smaller than the
longer alkyl chains as reflected by the B values (7.4 and 8.7 kcal/mol respectively ), the
main source of steric clash preventing free rotation about the single bond joining the
two pyridine rings in the 4,4’bipyridines comes from the substituent directly attached to
the ring. Substituents at increasing distances from the methylene directly attached to
the ring have increasing freedom to move in order to minimize unfavourable steric
interactions. Based on this information an equimolar solution of the lipophilic
ethylenediamine palladium(ll) corner (2-4) and 3,3’-dimethyl-4,4’-bipyrdine (2-33) was
prepared in deuterated acetonitrile. NMR spectroscopy was run on this solution and
the chemical shifts were compared with solutions of the individual components also in

deuterated acetonitrile; see Figure 2-8.
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Figure 2-8: 'H NMR spectra of A) 3-(hexadecyloxy)propane-1,2-diamine palladium(ll) (2-4), B) 3,3’-
dimethyl-4,4’-bipyridine (2-33) and C) 1:1 mixture of the two compounds all in d3-acetonitrile. Note the
shifts downfield for the signals associated with the aromatic protons of the pyridine ring.
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From these spectra it is clear that the signals from the pyridine ring protons have
shifted significantly downfield, from 8.56, 8.37 and 7.04 ppm to 8.82, 8.70 and 7.26
ppm, as would be expected for the coordination of the 3,3’-dimethyl-4,4’-bipyridine (2-
33) molecule to the lipophilic palladium(ll) corner (2-4). Although this observation is
supportive of the coordination of the bipyridine molecule to the palladium metal centre
it does not suggest whether the major species is in fact the desired square complex. It
could conceivably be some other unforeseen architecture such as a triangular one which

101 However one can be confident that the

has also been observed for similar systems
complex is a small and well defined structure and not a larger coordination polymer as
the proton signals observed in the NMR spectra of the complex are quite sharp whereas

large polymeric molecules tend to exhibit broadened signals due to slow tumbling.

In the case of the original Fujita system, it was found that the square complex
could act as a host for several different guest molecules and that upon mixing with the
square complex changes to the chemical shifts of the guest molecules could be
detected. One such guest, 1,3,5-trimethoxybenzene, showed shifts in the signals of 1.56

102 f the synthesized

and 0.59 ppm for the aromatic and methyl protons respectively
modified Fujita system showed similar shifts for this guest molecule upon mixing, this

would serve as excellent evidence for the formation of the desired square complex.
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Figure 2-9: 'H NMR spectra of A) the suspected square complex formed between 3-
(hexadecyloxy)propane-1,2-diamine palladium(ll) (2-4) and 3,3’-dimethyl-4,4’-bipyridine (2-33) B) 1,3,5-
trimethoxybenzene, C) 1:0.5 mixture of A and B.

To this end the NMR sample of the suspected square complex was treated with

0.5 equivalents of 1,3,5-trimethoxybenzene to see if related changes in chemical shifts
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could be observed. Unfortunately, comparison of the spectra between neat guest and
the guest-potential host mixture showed no changes in the chemical shifts of guest
molecule indicating that no complex had formed between the two; see Figure 2-9.
There are several possible explanations for this observed behavior. One possible
explanation is that no square complex formed whatsoever, however based on the
observed shifts in the bipyridine ring protons upon addition of the palladium containing
compound this seems the least likely possibility. Presuming therefore that the square
complex had successfully formed there remained two likely explanations for the lack of
binding between host and guest; one argument was based on steric interactions and the
other based on the hydrophobic effect. The steric argument is based on the additional
steric bulk introduced by the addition of the methyl groups meta to the pyridine
nitrogens which will effectively decrease the size of the central pore potentially
inhibiting the binding of the guest. The argument based on the hydrophobic effect
stems from the necessity of using acetonitrile as the solvent to dissolve the synthesized
compounds. The literature host-guest binding study was performed in water and based
on the structures of the host and guests the hydrophobic effect is likely to be significant
in stabilizing the complex. Changing the solvent used from water to acetonitrile
eliminates any stabilization energy for the complex from the hydrophobic effect the
result of which could be to destabilize the complex sufficiently so as to prevent its

formation to any appreciable extent.

2.9  Vesicle Based Studies on the Self-Assembly and lon Transport Properties of

Second Generation Lipophilic Fujita Squares

Given that the overall goal of this project was the synthesis of a novel class of
channel forming molecules via a self-assembly strategy the next logical step in analyzing

the products was to characterize their ion transport behavior.

The first such study to be carried out was the HPTS vesicle assay. As mentioned
in the introductory chapter, this assay is used to assess the bulk transport properties of

a population of channels as they collapse an induced proton gradient between the
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exterior and interior environment of lipid vesicles. The HPTS assay was carried out using
the standard procedure developed in the group with variations on the methods of
introducing the different components to the vesicles. The different methods used were:
injection of solutions of the individual compounds to a vesicle solution followed by
incubation, injection of a premixed solution containing suspected square complexes to
the vesicle solution followed by incubation and pre-loading of one or both of the
components into the lipid mixture at the onset of vesicle preparation followed by
injection of the missing component, if any, followed by an incubation period.
Unfortunately regardless of the method of introducing the compounds to the vesicles
no transport activity was observed. A possible reason for this lack of activity is that the
HPTS assay must be carried out in a narrow pH range centered about 7.3 which
corresponds to the range in which the maximal difference in fluorescence emission
between the acid and base forms can be observed for the fluorophore. Unfortunately
this pH range is not in the optimal pH range for the self-assembly of the Fujita square as
determined previously in the Fyles group ®. The representative plots for the previously
reported speciation simulations are presented in Figure 2-10 below for the system at
concentrations of 10 uM (A) and 5 mM (B) in ethylenediamine palladium(ll) to illustrate
the pH dependence of the system. From these simulations the species of greatest
interest is the one labeled 440 which represents the square species [ethylenediamine

palladium(I1)]4(4,4’-bipyridine),.
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Figure 2-10: Ethylenediamine palladium(ll) + 4,4’-bipyridine speciation simulation as adapted from Fyles
¥ Simulations carried out at concentrations of A) 10 MM and B) 5 mM in EnPd with varying pH and molar

ratio of Bipy.

As can be seen from Figure 2-10 the simulation carried out at 10 uM (A), the
ideal pH for formation of the square species at this relatively low concentration is
approximately 5.6 while the pH of the HPTS assay at 7.3 is non-optimal for square
formation. Because of this incompatibility between the pH of the HPTS assay and the
productive self-assembly of the desired modified Fujita square it may very well be that

the lack of detected activity could be due to failure of the complex to form at lower
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concentrations. Although the simulation at the higher concentration of 5 mM revealed
tolerance for a wider range of pH, the system also exhibited much greater sensitivity to
the ratio of the two components as indicated by the very narrow distribution of the
desired species along the ratio axis. In addition, concentrations of transport active
species at this level could lead to excessive vesicle permeation resulting in the near
instantaneous collapse of the proton concentration gradient from which valuable rate

information cannot be obtained.

Based on these shortcomings in the HPTS assay for this system it was worth the
effort to try to develop a novel vesicle based assay that could operate in the pH ranges
for which self-assembly is expected. With this goal in mind the first task was in finding a
replacement for HPTS which was water soluble, sensitive to some easily controlled
change in its environment that also functions in the ideal pH range for square complex
formation. Searching available and affordable environment sensitive chromophores
came up with the particularly interesting candidate; 2-{[2-(2-{5-
[bis(carboxymethyl)amino]-2-methylphenoxy}ethoxy)-4-(2,7-difluoro-6-hydroxy-3-oxo-
3H-xanthen-9-yl)phenyl](carboxymethyl)amino}acetic acid, mercifully abbreviated to
Fluo-4. Fluo-4 is a water soluble molecule which exhibits a greater than 100 fold
increase in fluorescence emission at 516 nm upon binding Ca’* ions when excited with
494 nm light, has a binding affinity of 345 nM and is highly tolerant of a wide range of
pH 103 (Figure 2-11, A). The modified assay would therefore measure the rate of
transport of hydrated calcium ions which, with a hydrodynamic radius of 3.1 A, should
be easily transported through the centre of the modified Fujita square as envisioned for

the system.

An assay was designed to use this Fluo-4 calcium sensitive dye at a pH of
approximately 5.6 in order to maximize the formation of the self-assembled square by
changing the buffer used in the assay to 10 mM sodium acetate buffer with 10.8 uM
Fluo-4 added to the interior of the vesicles while maintaining the same lipid mixture

(8:1:1 phosphatidylcholine : phosphatidic acid : cholesterol) used for vesicle formation.
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For the modified assay, in place of adding a base pulse to induce the concentration
gradient a pulse of calcium chloride was used instead. In order to obtain valuable
information about the relative transport activity of a compound the first task is
generally to obtain a baseline transport activity in the absence of any potential channel
forming compound. The establishment of this baseline activity is necessary since the
vesicles often show some leakage when put under osmotic stress associated with the
rapid change in ion concentration upon injection of the solution to establish a
concentration gradient. Some interesting and unforeseen behavior was observed when
trying to establish this baseline activity. Firstly, contrary to the expected low but
measurable baseline activity, upon injection of the calcium pulse in the absence of any
ion channel a rapid increase in fluorescence emission to some saturation point was

observed as shown in Figure 2-11 below.
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Figure 2-11: A) the chemical structure of the Ca” sensitive dye Fluo-4 and B) time based fluorescence
results obtained from a trial experiment to develop a vesicle assay of ca™ transport.
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At first this observation was somewhat perplexing but a search through the
literature revealed that it had previously been discovered that the phosphatidic acid
component of the vesicle mixture could facilitate the diffusion of calcium(ll) ions across
a bilayer membrane by acting as an ionophoric ion carrier 1. This seemed a likely cause
for the observed behavior of the vesicles. In addition, upon lysis of the vesicles with
Triton X-100 in order to obtain the final maximal fluorescence, a decrease in the
fluorescence intensity was observed instead. This was contradictory to expectations
since the lysis of the vesicles should have exposed the Fluo-4 to a higher concentration
of Ca”" if the concentration gradient was even partially maintained resulting in greater
fluorescence intensity. Even in the case where the concentration gradient had collapsed
completely the small volume of detergent added should have had only resulted in a
minimal decrease in fluorescence associated with the dilution of the vesicle solution.
Attempts using several other chemical detergents for the lysis step, under the
assumption that the Triton X-100 was interacting adversely with either the dye or Ca®
ions, also yielded identical results. Unfortunately this meant that the assay as it was
conceived was doomed to failure. The option existed to try to find a different lipid
composition for the vesicle formulation that did not include phosphatidic acid to avoid
the complication of lipid assisted transport but it was decided that efforts would best be
put towards first determining if any reliable transport activity could be observed using

the bilayer clamp assay.

2.10 Bilayer Clamp Studies on the Self-Assembly and lon Transport Properties of

Second Generation Lipophilic Fujita Squares

With the failure to detect transport activity for the various lipophilic Fujita
squares using vesicle based assays the next logical step was to try to detect activity
using bilayer clamp studies. It is not uncommon for compounds to show activity in one

assay but not the other %> 1%

as the conditions of the two assays, such as bilayer
membrane geometry and thickness, are necessarily different between the two. Studies

using the bilayer clamp assay also have the advantage that they can monitor the activity
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of single channels. If single channel events were observed with conductances on the
order expected for a channel with the internal diameter of the Fujita square this would

provide strong evidence of the self-assembly of the individual components.

Bilayer clamp assays of the various mixtures of synthesized compounds
unfortunately failed to show well behaved ‘square top’ activity that could be definitively
ascribed to square channels of diameters on the order those of the modified Fujita
channels, instead showing very erratic behavior that could be more easily envisioned as
being due to membrane disruption than discrete channels. An example of this type of

activity is shown in Figure 2-12 below.

50 pA

30s

Figure 2-12: Representative bilayer clamp activity seen for second generation modified Fujita squares
showing activity best fitting with the purple or erratic type activity. Conditions; 0.5M Cs,SO, electrolyte,
Ag/AgCl electrode, 1M KCl bridging solution, KNOj; salt bridges, applied potential of +50 mV, 1uM final
concentration of (2-34),(2-4), ‘squares’ injected into each chamber.

This behavior is somewhat reminiscent of that observed to occur early on in the
bilayer clamp experiment conducted on the first generation modified Fujita square (2-
5), however this activity never developed into the long lived and stable conducting
states’°. On the other hand, the long lived channels with stable conductances that were
seen for the lipophilic ethylenediamine palladium(Il) molecules (2-4) on their own or
with added 4,4’-bipyridine in studies prior to this work were never observed for any of
the various mixtures with the newly synthesized lipophilic 4,4’-bipyridine molecules.
The lack of this sort of activity could indicate that the lipophilic ethylenediamine
palladium(Il) metal centers were effectively coordinating to the 4,4’-bipyridine
molecules and were therefore unable to form the channels responsible for this

behavior. Unfortunately due to the single channel nature of the observations made
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using the bilayer clamp the absence of evidence is not the same as the evidence of

absence.

2.11 Interpretations and Hypotheses on the Failure of the Modified Fujita System

Over the course of studying the second generation modified Fujita square system
in hopes of detecting regular transport activity that could be definitively associated with
the passage of ions through the central pore it became increasingly obvious that the
effort involved was not providing commensurate returns. It became clear that there
were several potential problems with the design of the system that could explain the
lack of transport activity. Of particular concern were the effect of the overall charge of
the assembled complex on membrane partitioning, the number of possible
stereochemical isomers and the effect of modifications near the pore on the passage of

jons.

Upon square formation the modified Fujita complex would possess an overall
charge of 8+; a sufficiently high charge density could disfavor the partitioning of the self-
assembled supramolecule into the non-polar bilayer environment. Obviously if the
complex doesn’t effectively partition into the membrane then there is little chance of a

transport active species being formed.

A further complication inherent to this system is the large number of possible
stereochemical isomers of the completed square complex due to the chirality of the
lipophilic ethylenediamine palladium(ll) corner. Each corner of a square complex can
adopt two arrangements for each of the two enantiomeric forms for a total of four
possible stereochemistries at each corner. Taking into account equivalent geometries
this results in a total of 41 isomers for the completed square complex ™ This number is
based on the assumption that the lipophilic bipyridine moieties retain relatively free
rotation about the single bond joining the two pyridine units. If the rotation is restricted
then upon closure of the square each lipophilic bipyridine will be constrained in one of

two enantiomeric arrangements resulting in an even larger number of possible
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stereochemical isomers. With so many potential isomers characterization of the final
self-assembled square complex could potentially become more complicated than if only

one isomer was produced.

As discussed earlier, the positions meta to the ring nitrogens of the pyridine rings
in the 4,4’-bipyridine molecule were chosen in order to minimize any possible steric
repulsion between the bipyridine and ethylenediamine palladium(ll) moieties that could
potentially destabilize the formation of the square complex. Unfortunately substituents
at this position may rotate freely such that they could potentially block the centre to the
square complex which is especially likely as aggregating into the relatively non-polar
pore of the square would result in a lower energy conformation due to the hydrophobic
effect. If the centre of the pore became sufficiently blocked by the substituents
designed to impart lipophilicity then it is also unlikely that it could effectively transport
ions. This behavior could also account for the failure to observe activity for the second
generation modified Fujita square. In addition the structure of 4,4’-bipyridine does not
provide for any other alternative locations for modification so the system is inherently

limited.

Based on these perceived shortcomings of the Fujita square complex as a lead
compound for generating a self-assembling ion transport system, a new scaffold for the

design was required.

2.12 New Scaffold for Generation of Self-Assembling lon Channels

In exploring alternative self-assembling metal-ligand constructs as potential
candidate scaffolds for self-assembling ion channels, several key features were required
based on the hypothesized problems with the Fujita system. Firstly, like the Fujita
square the new complex should also possess a semi-rigid pore structure that is
sufficiently large to allow the passage of hydrated ions or small molecules. The complex
should also have a low net charge, preferably no charge, or be amenable to

modifications which could limit the net charge in order to facilitate the partitioning of
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the structure into the non-polar bilayer membrane. As well the new complex should
have positions which can be easily modified, if necessary, in order to impart such
characteristics as lipophilicity and these modifications should be in an orientation such

that there is little chance of occluding the pore.

Based on these criteria the model system that was chosen, presented in Scheme
2-15, was the bis-terpyridine molecule first reported by Newkome et al. to self assemble

into hexagonal architectures in the presence of iron(ll) cations 2.
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Scheme 2-15: The Newkome bis-terpyridine ligand (2-40) and its self-assembly into a macrocyclic
hexagon (2-41) in the presence of iron(ll) cations.

As can be seen from the schematic above, the Newkome system possesses many
of the desired properties sought in a potential channel forming system. The assembled
architecture results in the formation of a large shape persistent semi-rigid pore with a
diameter of approximately 7 A. In addition there are several good sites for potential
modification if needed, primarily the sites on the central diphenylacetylene portion of

the molecule which point away from the central pore. These sites are also far enough
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away from the metal coordinating terpyridine portion of the molecule as to not
interfere with metal coordination. Therefore modifications to these sites should have
little to no impact on either the freedom of the pore to allow the transit of ions through
it or on the ability of the complex to self-assemble via coordination to a metal centre.
There are also several other potential advantages in using the Newkome hexagon as a
lead system. For example, unlike for the Fujita system which required two different
ligands, 4,4’-bipyridine and the pre-coordinated ethylenediamine, the Newkome system
involves only one ligand possessing two coordination sites. This may simplify the self-
assembly process since differential partitioning of the components should not be as
troublesome. Also in moving away from square planar metal coordination center, for
which there are a limited number of available metals, to the more diverse octahedral
center allows for the screening of several different metals in order to find the one which
imparts the best characteristics. Another potentially advantageous characteristic is that
the terpyridine ligand in the Newkome system is tridentate versus the monodenate 4,4’-
bipyridine ligand of the Fujita system. The extra coordination per ligand as well as the
chelate effect should result in a much more stable complex overall which could

potentially be studied under a wider range of conditions than the Fujita system.

Obviously the overall charge of the assembled complex, 6+, was still undesirably

high and had to be addressed in the design of the modified Newkome hexagon.

2.13 Design Considerations for a Modified Newkome L;M3; Hexagon

Before dealing with the issue of neutralizing the overall charge of the complex, the
magnitude of the charge to be neutralized first had to be addressed. Since the overall
positive charge of the complex originates from the sum of the charges of the metal
cations used, it is the selection of these that is the determining factor. Having already
decided on using metals with octahedral coordination geometry the logical place to
start is with the transition metals, especially those in the first row. The most common
and second most common stable oxidation states for these elements are +2 and +3. The

+2 oxidation state is especially stable because it results from the loss of the two
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electrons from the 4s orbital which is higher in energy than the 3d orbitals in the first
row transition metals. Using metals in the +2 and +3 oxidation states would result in
hexagons with six and nine overall positive charges to neutralize respectively. The most
practical and elegant solution is for all three ligand molecules in the LsM3 complex to be
as symmetrical as possible. In the case of using metals in the +3 oxidation state this
would require each ligand molecule to have a charge of -3. There is no intuitive and
synthetically efficient way to modify the Newkome ligand which would impart this
charge as well as maintaining the overall symmetry of the molecule. Fortunately for the
alternative design using metals in the +2 oxidation state, requiring each ligand to

possess a charge of -2, many more possibilities exist.

The new system therefore involved the design of a modified Newkome bis-ligand
with an overall charge of -2. When considering the required modification in the context
of the whole supramolecular self-assembly the very real possibility that the anionic
group, being electron rich, could act as ligand itself must be addressed. A choice had to
be made whether to employ this characteristic into the design of the coordination site
or to try to work around it by preventing the possibility of binding between the metal
and the anionic group via some mechanism such as steric crowding. Integrating the
anionic portion into the coordination sphere was the more elegant and also likely the
less synthetically involved option and therefore it was chosen over the alternative. The
anionic functional group of choice for such a purpose is the carboxylate as there are
countless examples of coordination complexes of transition metals featuring this
moiety. In addition since the ion channel studies both occur in aqueous solvents at

around neutral pH the carboxylic acid group will be in the carboxylate form.

Conceptually, the introduction of the carboxylate group into the coordination site
of the modified Newkome system involves the replacement of one or more pyridine
groups of the terpyridine moiety. In order to achieve the desired -2 charge into the
modified bis-tridentate ligand, the inclusion of two carboxylate groups was required. As

shown in Figure 2-13, two possible structures with these characteristics can be
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envisioned; one in which one pyridine has been replaced on each of the terpyridine
units of the bis-tridentate ligand to yield a molecule with symmetry about the alkyne
bond (BIPYA-BIPYA, 2-43) and the other where two pyridines of the same terpyridine
unit have been replaced leaving the other terpyridine ligand of the bis-tridentate ligand

unchanged generating a molecule with two distinct sides (TERPY-DPA, 2-42).

2-42: TERPY-DPA 2-43:BIPYA-BIPYA

Figure 2-13: Figure of the two modified systems: A) the dissymmetric bis-tridentate ligand (2-42)
possessing one terpyridine (TERPY) and one dipicolinate (DPA) ligand, abbreviated TERPY-DPA and B) the
symmetric bis-tridentate ligand (2-43) possessing two 2,2’-bipyridine-6-carboxylate ligands (BIPYA),
abbreviated BIPYA-BIPYA.

As can be seen from the structures of the target bis-tridentate ligands (Figure
2-13, 2-42 and 2-43) the option exists for further modification of the system with
lipophilic groups, however as an initial proof of concept for the new ligand system and
its coordination to transition metals in the +2 oxidation state the first synthetic targets
were simply the ligands possessing the overall -2 charge. The hypothesis being that
upon self-assembly the charge neutral hexagon would have a sufficiently high
preference for partitioning into the non-polar bilayer membrane that further

modification would be unnecessary.
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R; = py -or- COOH, R; = py -or- COOH

Figure 2-14: Possible sites for further substitution of the modified Newkome bis-tridentate ligands
highlighted with coloured labels with reference to their disposition relative to the nearest tridentate
ligand moiety.

As illustrated in Figure 2-14, all three of these sites of modification should have
relatively little impact on the rotational freedom about any of the adjacent single bonds
although if one had to be chosen over the others modifications to the meta position are
likely to have the least impact on the self-assembly of the system into the LsM;3

hexagons.

2.14 Considerations for Hexagonal Complexes from the Modified Newkome Ligands

Although both of these target molecules possess -2 charges and their self-
assembly with transition metals in the +2 oxidation state should yield hexagonal
complexes with no net charge, the nature and number of potential geometries of the

complex differ due to the geometry of the coordination sites.

In the case of the symmetrical ligand (BIPYA-BIPYA, 2-43), independently each
metal centre can only be coordinated to two identical tridentate ligands for which there
is only one possible geometry however, upon closure of the hexagon the orientation of
the planes of the coordinating ligands relative to each other become locked into one of
two enantiomeric conformations. The result is that the overall hexagonal complex

possesses three stereocenters which translates to four different possible stereochemical
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species depicted in Figure 2-15; R-R-R, R-R-S, R-S-S and S-S-S that are all likely to be of

very similar energies and therefore equally prevalent in solution.
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Figure 2-15: Possible geometries for the hexagonal complex formed from the symmetrical bis-tridentate
ligand molecule BIPYA-BIPYA (2-43) coordinating to transition metals in the +2 oxidation state.

For the dissymmetric bis-ligand system the different species possible arise not
from the stereochemistry of the coordination sites, since each tridentate ligand is
symmetric about the central pyridine nitrogen, but from the possibility of each
coordination centre to coordinate the same or different ligands. Each metal centre can

coordinate one terpyridine and one dipicolinate ligand, two terpyridine ligands or two
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dipicolinate ligands. The overall result on the system is that there are two possible
conformations for the hexagonal complex; one in which all three coordination centres
are of the terpyridine-dipicolinate variety and the other where there is one of each of
terpyridine-dipicolinate, terpyridine-terpyridine and dipicolinate-dipicolinate

coordination centers, see Figure 2-16.

Figure 2-16: Possible geometries for the hexagonal complex formed from the dissymmetric bis-tridentate
ligand molecule TERPY-DPA (2-42) coordinating to transition metals in the +2 oxidation sate.

2.15 Speciation Simulation for the Terpyridine-Dipicolinate Ligand System

If possible, a worthwhile exercise to undertake before synthesizing any target
compounds for a self-assembling system, such as those for the modified Newkome
hexagon, is to perform a rudimentary speciation simulation. Such a simulation can give
insights into the thermodynamic viability of the system to self-assemble as desired and
more specifically the concentration and pH ranges over which the desired assembly is
most likely to form. Although a valuable tool it is important to note that it provides no
information on the kinetics of the self-assembly process. As such it is entirely possible
for the analysis to find the desired compound to be the thermodynamically preferred
product for a system that will never form due to the kinetic barriers inherent to the

process.
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In order to perform such a simulation two types of information are required; a
comprehensive analysis of all possible intermediates and final self-assembled structures
on the path towards the fully assembled structure and the association constants for
each of the possible step-wise interactions. Together these two sets of information
serve as a kind of road map for the self-assembly process; the individual species
indicating way-points along the path towards the final structures and the association
constants plotting the course between these points. The analysis of all possible
intermediates is a relatively straight forward mental exercise that can be carried out for
both of the target modified Newkome systems. The association constants on the other
hand have to come from experimental observations. Fortunately a search through the
literature provided the necessary information for the TERPY-DPA (2-42) system binding
to copper(ll) ions 107 35 both the TERPY and DPA ligands are well represented in the field

of coordination chemistry 198 109110, 111

. Unfortunately, due to the limited instances in
current literature *?, a similar search for equivalent data on the BIPYA ligand failed to
afford the required association constants. Although determining the association
constants for the BIPYA ligand would allow for the simulation of the BIPYA-BIPYA bis-
ligand (2-43) self-assembly, it was hypothesized that this system was unlikely to deviate
significantly from the simulation of the TERPY-DPA (2-42) system for which data was

readily available. Therefore for expediency’s sake it was decided that this exercise was

not necessary.

A few assumptions about the self-assembly process of the TERPY-DPA bis ligand
were made in order to simplify the comprehensive analysis of the possible species en
route to the final hexagonal construct. Firstly, although there is significant rotational
freedom within the TERPY-DPA molecule and therefore many possible conformations
for any particular intermediate, no energy penalty is assigned to any of these. The
compound is effectively considered to have two binding sites held ortho (120°) to each
other. In addition it was assumed that species with stoichiometries greater than three
bis ligands to three metal centers were likely to occur only in relatively low

concentrations and were therefore ignored in the analysis. The completed analysis of all



103

potential intermediate assemblies towards the final hexagons is presented in Figure
2-17 below. A shorthand notation of the individual species based on the coordination
motif is provided using the metal centers as reference. For example a metal
coordinated to only one TERPY-DPA molecule (2-42) via the DPA binding site is denoted
as (DPA), a metal coordinated to two ligands is denoted as either (DPA/DPA),
(DPA/TERPY) or (TERPY/TERPY) depending on whether it is coordinated to two DPA
ligands, one DPA and one TERPY ligand or two TERPY ligands respectively. If a species
contains more than one metal center, the braces indicate which interactions are
associated with which metal center, so in the case where one TERPY-DPA bisligand (2-
42) is binding to two metal centers the notation would be (DPA)(TERPY). A statistical
factor is also provided for the species which have multiple different but equivalent

approaches of a metal to a ligand.
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Figure 2-17: Comprehensive analysis of all potential species of given stoichiometries en route to the final
M;L; hexagons for the DPA-TERPY bis ligand molecule (2-42). The TERPY-DPA ligand is represented by the

black ‘V’ shape with red and blue termini indicating the DPA and TERPY binding sites respectively and the
transition metal centre is represented by the green hexagons.

Before delving into the specific thermodynamic parameters of the self-assembly
process it is worth noting that there are no unproductive species along the pathway to
either of the hexagonal complexes (DPA/TERPY)(DPA/TERPY)(DPA/TERPY) or
(DPA/DPA)(TERPY/TERPY)(DPA/TERPY). The implication from this observation is that the
‘error checking’ process often cited as being required for self-assembling systems is not
absolutely necessary. A system that forms via very stable complexation interactions to
can be relied upon to eventually fall into a potential energy well for an especially stable

hexagonal LsM3 state.
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From Figure 2-17 illustrating the various possible intermediates towards the self-
assembly of the final hexagonal molecule it should be noted that each of the states can
be reached from any other state via a series of stepwise association/dissociation
equilibria. The equilibrium constant between any two states can therefore be
determined by the product of the stepwise association/dissociation constants along any
particular path between the two states. The principle of microscopic reversibility states
that it matters not which path is chosen so long as the path chosen is real and includes
each species in the overall cumulative formation constant. In order to determine the
various cumulative formation constants the association constants for the possible
stepwise processes were needed. The assumption was made that due to the distance
between the two binding sites of the TERPY-DPA bis ligand that binding of a metal to
one of the binding sites would have no effect on the binding affinity of the other site for
a second metal center. A summary of the required step wise association processes and

logK values for the association with copper(ll) ions are provided in Table 2-1 below.
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Table 2-1: Summary of the required stepwise association processes, their notation and literature logK
values for their association with copper(ll) ions. In the graphical representation to the processes the DPA
and TERPY binding sites of the TERPY-DPA ligand are represented by the red and blue termini respectively.

Process* Notation logK (Cu2+)
o 0
+ — Q&) KDPA 9.2
o
o
+ — o\’ KTERPY 12.3
o
O 4 »
+ — é Kbpa-opa 7.2
DU »
+ — ‘ Kppa-TeRPY 8.9
+ —_— C‘) Krerpy-TERPY 6.8

*Note that due to the principle of microscopic reversibility the process of having a TERPY bound metal
becoming associated with the DPA binding site of a second ligand (Krgrpy.opa) is Not explicitly required since
its place along any particular pathway can be represented by the related DPA bound metal becoming
associated with the TERPY binding site of a second ligand (Kppa-erey). The choice of one association
process over the other was entirely arbitrary.

With these stepwise association constants the cumulative formation constants
for each of the species can be determined by the product of the individual stepwise
association constants. The sum of the cumulative formation constants for any set of
species with identical stoichiometries will also provide the cumulative formation

constant for species with that particular stoichiometry; note that one of the isomers
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usually dominates. Table 2-2 below summarizes the derivation and values of various

cumulative formation constants.

Table 2-2: Naming convention, derivation and values of equilibrium constants for individual species as
well as for species with the same stoichiometry used for the speciation study of TERPY-DPA (2-42) self

assembly in the presence of Cu® cations.

K Notation,

B Notation,

Species Derivation and | Stoichiometry | Derivation and
logK Value logB Value
(DPA) Kippay, 108 Kippa) = 9.2
Bim = Biopay + Birere)
Kirerpy), log K(rerey) = LM
(TERPY) log Byy =12.3
12.3
B(DPA)(TERPY) =
(DPA)(TERPY) Kiopa)K(rerey), LM, Bimz log Buwe = 21.5
logBppayrerey) = 21.5
B(DPA/DPA) = K(DPA)K(DPA-
(DPA/DPA) opa), 108B(opa/oPa) =
16.4
Biom = Biopasopay +
B(DPA/TERPY) =
Biopasterey) +
(DPA/TERPY) Kiopa)K(opa-Terey)s L,M
B(TERPY/TERPY)I logBiam
lOgB(DPA/TERPY) =18.1
=19.1
B(TERPY/TERPY) =
(TERPY/TERPY) Kirerey)K(rerpy-terey),

|0gB(TERPY/TERPY =19.1
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K Notation,

B Notation,

Species Derivation and | Stoichiometry | Derivation and
logK Value logB Value
B(DPA/DPA)(TERPY) =
Kopa)K(ora-ora)K(rerey),
(DPA/DPA)(TERPY)
logB ppa/opayerey) =
28.7 (x2)
B(DPA/TERPY)(DPA) =
K(DPA)ZK(DPA-TERPY)r
(DPA/TERPY)(DPA) Biom: =
IOgB(DPA/TERPY)(DPA) =
2B(opasopayrerpy) +
27.3
B(opa/Terpy)ioPa) *
Biopa/TeRPY)(TERPY) = L,M,
B(opa/Terpy)(TerpY) T
Kopa)Kiopa-terey)K(Terpy),
(DPA/TERPY)(TERPY) 2B verpy/TERPY)(DPA)
logB ppa/rerpy)(TERPY) =
|OgBLZM2 = 304
304
Brerey/TeRPY)(DPA) =
Kirerpy)K(Terpy-
(TERPY/TERPY)(DPA) Terey)K(opa),
logBrerpy/Terey)(DPA) =
28.3 (x2)
B(opa/oPA)(TERPY)(TERPY) =
K(DPA)K(DPA»DPA)K(TERPY)ZI
(DPA/DPA)(TERPY)(TERPY)
lOgB(DPA/DPA)(TERPY)(TERPY)
=41.0
Broms =
B(opa/TERPY)(DPA)(TERPY) =
) B(opa/DPA)(TERPY)(TERPY)
Kiopa) Kiopa-
+
(DPA/TERPY)(DPA)(TERPY) Terpy)K(Terey),
L,M; B(oPA/TERPY)(DPA)(TERPY)

|0gB(DPA/TERPY)(DPA)(TERPY)

=39.6

(TERPY/TERPY)(DPA)(DPA)

Birerpy/TERPY)(DPA)(DPA) =
Krerpy)K(rerpy-
2
Terpy)K(opa)

logBrerpy/TERPY)(DPA)(DPA)

=37.5

+

B(TERPY/TERPY)(DPA)(DPA)I

lOgBLZMZ = 410




109

Species

K Notation,
Derivation and

logK Value

Stoichiometry

B Notation,
Derivation and

logB Value

(DPA/DPA)(DPA/TERPY)

B(opa/opa)(opa/TERPY) =
2
Kiopa) Kippa-opa)Kippa-
TERPY)s

IOgB(DPA/DPA)(DPA/TERPY) =

34,5

(DPA/DPA)(TERPY/TERPY)

Bopa/opaj(TerpY/TERPY) =
Kiora)K(opa-
opa)Kirerpy)K(rerpy-TERPY),

|08 B ppa/DPA)TERPY/TERPY)

=355

(DPA/TERPY)(DPA/TERPY)

B(DPA/TERPY)(DPA/TERPY) =
2 2
Kiopa) Kippa-TerPY) )

lOgB(DPA/TERPY)(DPA/TERPY)

=36.2

(DPA/TERPY)(TERPY/TERPY)

B(opa/TERPY)(TERPY/TERPY) =
KiopaK(opa-
T1erpy)K(rerey) K(rerpy-
TERPY)»

IOgB(DPA/TERPY)(TERPY/TERP

Y) = 37.2

LsM,

Bism: =
B(DPA/DPA)(DPA/TERPY) +
B(DPA/DPA)(TERPY/TERPY)

+

B(DPA/TERPY)(DPA/TERPY)

+

B(opa/TERPY)(TERPY/TERPY)

, logBisme = 37.3
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K Notation,

B Notation,

Species Derivation and | Stoichiometry | Derivation and
logK Value logB Value
B(oPA/DPA)(DPA/TERPY)(TERPY
/TERPY) = K(DPA)ZK(DPA-
opa)Kopa-
(DPA/DPA)(DPA/TERPY)(TERPY/TERPY) Terpy)K(rerey)K(rerpy- Brams =
TERPY), B(opa/opa)(pa/TERPY)(TE
logB(opa/oPA)(DPA/TERPY)(T RPY/TERPY) T
LsMs

ERPY/TERPY) = 53.6

(DPA/TERPY)(DPA/TERPY)(DPA/TERPY)

B(DPA/TERPY)(DPA/TERPY)(DPA
3
/TERPY) = K(DPA) K(DPA-
3
TERPY) »

lOgB(DPA/TERPY)(DPA/TERPY)(

DPA/TERPY) = 54.3

B(opa/TeRPY)(DPA/TERPY)(

DPA/TERPY), logBisms =

54.4

With the stoichiometric cumulative formation constants calculated, these values

were then inputted into a HySS

speciation simulation along with the literature values

for the various copper(ll) hydroxo species. Using this software it was possible to

generate 2D speciation plots and 3D speciation maps for the self-assembly of the TERPY-

DPA bis ligand (2-42) with copper(ll) ions to generate the hexagonal macrocycles at

varying pH, compound concentration and ratios between the TERPY-DPA molecule (2-

42) and copper(ll) ions. Some representative simulated data for TERPY-DPA

concentrations of 1, 10 and 100 nM are presented below in Figure 2-18, Figure 2-19 and

Figure 2-20 respectively.
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Figure 2-18: Speciation analysis carried out for a TERPY-DPA concentration of 1 nM.
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Figure 2-19: Speciation analysis carried out for a TERPY-DPA concentration of 10 nM.
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Figure 2-20: Speciation analysis carried out for a TERPY-DPA concentration of 100 nM.

Several experimentally important properties of the self-assembly of the TERPY-

DPA system can be interpreted from these simulated data. Firstly, the simulation

reveals that the assembly of the compound into the L3sM3 hexagons occurs over a

relatively narrow range of ratios between TERPY-DPA and copper(ll) ions. This is quite
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different to the behavior of the Fujita system, Illustrated in Figure 2-10, which was
relatively insensitive to the stoichiometry between the ethylenediamine palladium(Il)
and 4,4’-bipyridine moieties at reasonable low concentrations. The implication of this
property was that the relative stoichiometry of the ligand to metal should be
maintained as close to unity as possible. This necessitated samples of both the bis-
ligand and any metals in the 2+ oxidation state to be of high purity so that deviations
from this ideal stoichiometry were minimized. Another feature of the system is that,
provided the stoichiometry between the TERPY-DPA and copper(ll) is near one to one,
the major species formed is the desired LsM3 hexagons at concentrations as low as 3
nM. Again this behavior is quite different from the Fujita system which only showed a
preponderance of square formation at concentrations greater than 10 uM. The low
concentrations required for effective self-assembly of the LsM3 hexagons in this
simulation were encouraging as they should translate to lower concentrations required

for the observation of ion transport activity.

It is important to recall that although the speciation study for the LsM3; complex
shows favorable thermodynamic properties, the simulation provides no information
about the kinetics of the self-assembly process. If the process is too sluggish then the
realization of hexagonal species may take a prohibitively long time. Conversely, if the
kinetics of individual coordination events are too quick the system may skip the ring
closure step entirely, instead rapidly forming species with stoichiometries greater than
LsMs. With the speciation simulations showing some promising self-assembly
characteristics for the TERPY-DPA bis-ligand system focus now turned towards the task

of synthesizing the target molecules.

2.16 Synthesis of modified Newkome bis-tridentate ligands

The retrosynthetic analyses of the target molecules are summarized in Scheme

2-16 and Scheme 2-17 below.
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Scheme 2-16: Retrosynthetic analysis of the TERPY-DPA bis-ligand (2-42).
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Scheme 2-17: Retrosynthetic analysis of the BIPYA-BIPYA bis-ligand (2-43).

As can be seen from the retrosynthetic analyses of the TERPY-DPA (2-42) and
BIPYA-BIPYA (2-43) the disconnections involved in the two syntheses mirror each other
quite closely so much of the chemistry involved for one compound is expected to be

applicable to the other.

The synthesis of both target molecules began along identical reaction pathways
as shown in Scheme 2-18. The first step in the syntheses involved the literature

preparation of 3-iodobenzaldehyde (2-45) from the acid catalyzed reaction of
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14 It is worth noting that it was

benzaldehyde (2-44) with sodium periodate and iodine
initially believed that this reaction was unsuccessful based on TLC analysis due to the
near identical mobilities of the starting material and products. The two were only
successfully differentiated by staining the TLC plate with vanillin which stained the
benzaldehyde yellow while the 3-iodobenzaldehyde was stained orange. The m-
iodobenzaldehyde product (2-45)was reacted under two analogous base catalyzed aldol
reactions with one equivalent of either 2-acetylfuran (2-47) or 2-acetylpyridine (2-46) in
an attempt to obtain the corresponding ene-ones, (2E)-1-(furan-2-yl)-3-(3-
iodophenyl)prop-2-en-1-one (2-49) or (2E)-3-(3-iodophenyl)-1-(pyridine-2-yl)prop-2-en-
1-one (2-48) respectively according to literature procedure 13 for structurally related
compounds. The furan moiety was used as a precursor to the carboxylic acid functional

group 116.

The strongly basic conditions used in the aldol reaction were not conducive
to using either an unprotected carboxylic acid or one protected as the commonly used
esters. Compound 2-49, the desired product from the reaction with the 2-acetylfuran
was isolated in reasonable yields as confirmed by the presence of two new trans alkene
signals in the proton NMR among others, however the identical reaction with 2-
acetylpyridine resulted in the generation of only a complex mixture of products from
which it was impossible to purify the desired pyridine containing ene-one (2-48). Based
on these observations the route to the dissymmetric ligand using 2-acetylpyridine was

abandoned while the furan containing ene-one (2-49) served as the precursor to both

the DPA and BIPYA tridentate ligand containing molecules.
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IVIeOH H,O, KOH,

0] H Excess H,50,,0.4eq O
1, 0.2 eq NalO, 245 246 |

RT, 16hrs RT, 16hrs

2-44 40—55%

MeOH:H,0,
1.02 eq KOH,

2-47\} /

RT, 16hrs

2-49
31-46%

Scheme 2-18: Successful synthetic pathway to (2E)-1-(furan-2-yl)-3-(3-iodophenyl)prop-2-en-1-one (2-49)
and unsuccessful pathway to (2E)-3-(3-iodophenyl)-1-(pyridine-2-yl)prop-2-en-1-one (2-48).

There was however still the need for a synthetic route to obtaining the
terpyridine containing molecule. In order to obtain this product a similar reaction to the
failed aldol condensation between equimolar quantities of m-iodobenzaldehyde (2-45)
and 2-acetylpyridine (2-46) was carried out only this time using two equivalents of 2-
acetylpyridine as per a literature procedure 78, see Scheme 2-19. Based on TLC analysis
of the reaction mixture it was clear that isolation of the dione product (2-50) would
prove a greater challenge than reasonable so the crude reaction mixture was instead
carried through as it was to the next step in the reaction pathway; the formation of the
central pyridine ring of the terpyridine ligand. In order to effect this transformation the
crude mixture was subjected to a treatment with ammonium acetate in refluxing glacial

acetic acid under a stream of nitrogen according to a literature procedure 8 Under
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these conditions the central pyridine ring was successfully formed to yield the final
terpyridine containing molecule 4’-(3-iodophenyl)-2,2’:6’,2"”-terpyridine (2-51) as

confirmed by comparison of the NMR spectra of the product to those from literature.

MeOH:H,0, 2.4 eq KOH,
0

0 H 2.2eq N

| ™~
2-46 -

RT, 16hrs

2-45 |
2-50

Excess AcOHiANH],
6.0eq NH,OAc, N,,

120°C, 20hrs

Scheme 2-19: Synthetic pathway to 4’-(3-iodophenyl)-2,2":6’,2"-terpyridine (2-51).

The furan containing ene-one molecule (2-49) served as the starting material for
both the DPA ligand as well as the BIPYA ligand. In order to obtain the desired
compounds this molecule was subjected to another potassium hydroxide catalyzed aldol
reaction with either 2-acetylfuran or 2-acetylpyridine as shown in Scheme 2-20. As with
the terpyridine (2-51) synthesis, rather than isolating the resulting acyclic dione
products (2-52 and 2-53) the crude mixtures from the reactions were subjected to a
reflux in glacial acetic acid in the presence of ammonium acetate in order to effect the
pyridine ring closures to form 2,6-di(furan-2-yl)-4-(3-iodophenyl)pyridine (2-54) and 6-
(furan-2-yl)-4-(3-iodophenyl)-2,2’-bipyridine (2-55). The closure of the pyridine ring to
form the desired products was confirmed by the proton and carbon NMR spectra

possessing only aromatic signals.
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2-54
33-63%

Scheme 2-20: Synthesis of 2,6-di(furan-2-yl)-4-(3-iodophenyl)pyridine (2-54) and 6-(furan-2-yl)-4-(3-
iodophenyl)-2,2’-bipyridine (2-55).

As an alternative and more direct route to obtaining all three precursors to the
required DPA, TERPY and BIPYA ligands (2-54, 2-51 and 2-55 respectively) the
simultaneous reaction of 3-iodobenzaldehyde (2-45) with both 2-acetylfuran and 2-
acetylpyridine was attempted under various conditions, the most productive of which is
presented in Scheme 2-21. An initial concern was that the three molecules would be

unresolvable chromatographically; however by performing TLC studies of the genuine
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samples of the molecules prepared already appropriate conditions were found. Under
all aldol reaction conditions carried out no attempt was made at purification of the
crude mixture of diones which was instead extracted into organic solvent, dried and
then subjected to the pyridine ring closing conditions found previously. It was only at
this stage, with the central pyridine ring of all three precursors formed that careful

chromatographic separation was carried out.

MeOH:H,0, 2.5 eq KOH,

Excess AcOHiANHl,

6.0 eq NH,OAc

C\’ 1.25eq N,, 120°C, 20hrs
Pow
2-45 247 \J

RT, 16hrs

¥

2-55
16-22%

12-16%

Scheme 2-21: One pot synthesis of the three tridentate ligand pre-cursors 2-54, 2-55 and 2-51.

In order to obtain the corresponding carboxylic acid containing molecules (2-56
and 2-57, Scheme 2-22) from the starting furan containing ones the appropriate starting

materials, 2-54 and 2-55 respectively, were subjected to strong oxidizing conditions

116

using potassium permanganate in a mixture of t-butanol and water *. Under these
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strong oxidizing conditions furan rings substituted in the 2 position undergo oxidative
degradation to yield substituted carboxylic acids. The resulting carboxylic acid
containing molecules 2-56 and 2-57 were unfortunately exceedingly difficult to isolate
and attempts to analyze the products by NMR were complicated by the zwitterionic

nature of the compounds causing significant broadening of signals.

13.0eq KMnO,,
(9:1) t-BuOH:H,0

60°C, 16hrs

2-54 2-56

6.5 eq KMnO,, (9:1)
t-BUOH:H,0

60°C, 16hrs

2-55 2-57

Scheme 2-22: Oxidation reactions of furan containing tridentate ligand precursors used to yield
corresponding carboxylic acids.

Due to the difficulties in handling these materials it was decided that it was best
to protect the carboxylic acid moieties as esters and characterize these products
instead. In addition the carboxylic acids should remain protected for as long as possible
in order to facilitate purification, and characterization of the products of future
reactions. The first protection attempted was as the t-butyl ester group; however under
all conditions attempted the reaction failed; see Scheme 2-23. It was hypothesized that

the reason for this failure was due to the large steric bulk of the t-butyl group
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interacting unfavorably with the relatively bulky substituents attached to the carboxylic

acid groups to be protected.

1.1: SOCl,, DMF,N,, 50°C, 4hrs

0 o 1.2: t-BUOH, Pyridine, 50°C, 16hrs
N
HO | ~3 OH -or-
a DIC, HOBt, DIPEA, THF, t-BUOH,
RT, 16hrs

2-56

Scheme 2-23: Reaction conditions attempted for the protection the carboxylic acid groups of 4-(3-
iodophenyl)pyridine-2,6-dicarboxylic acid (2-56).

As an alternative protecting group, the trimethylsilylethyl (TMSE) ester group
was proposed as a potentially elegant solution to the problem. The trimethylsilylethyl
ester group is significantly less bulky that the t-butyl group at the position a to the
oxygen of the ester so it was expected to be easier to install. In addition this protecting
group can be effectively removed using a source of fluoride ions 17 The expectation
was that by using an appropriate metal fluoride salt in the presence of the protected
bis-tridentate ligand molecule a simultaneous deprotection/complex formation process
could occur. This would have the great advantage of eliminating the need to handle any
molecules with free carboxylates, as it was found previously that these were difficult to

isolate and characterize.

In order to test this hypothesis, develop conditions for the TMSE protection of
the carboxylic acids as well as to confirm the ability of the BIPYA tridentate ligand to
form octahedral complexes with first row transition metals in the +2 oxidation state a
simplified analog of the BIPYA-BIPYA bis ligand (2-59) was synthesized a shown in
Scheme 2-24.
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KMnO,, (9:1) t-BUOH:H,0

60°C, 16hrs
2-58

64%

Scheme 2-24: Synthetic scheme for the synthesis of 4-phenyl-2,2’-bipyridine-6-carboxylate (2-59).

The reactions involved up until and including the oxidative cleavage of the furan
ring to generate 4-phenyl-2,2’-bipyridine carboxylic acid (2-59) were analogous to those
already discussed for the aryliodide containing molecules except that the synthesis
began with benzaldehyde (2-44) rather than m-iodobenzaldehyde (2-45). The synthesis
of the enone 2-76 was carried out according to and confirmed by comparison of NMR
spectra from literature. The success of the synthesis of 2-58 was confirmed by the
presence of only aromatic signals in both the proton and carbon NMR spectra. With the
crude carboxylic acid (2-59) in hand several methods were attempted to install the
trimethylsilylethyl ester protecting group. Among the methods attempted was the use
of N,N-disopropylcarbodiimide (DIC) with 1-hydroxybenzotriazole (HOBt) in order to

obtain the activated HOBt ester with which trimethylsilylethanol could react.
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DIC, HOBt, DIPEA, THF

|
o NN

RT, 16hrs

2-59

Scheme 2-25: Attempted ester coupling reaction between 4-phenyl-2,2’-bipyridine carboxylic acid (2-59)
and trimethylsilylethanol using activated ester chemistry.

This reaction, shown in Scheme 2-25, proved to be a failure; instead of providing
the desired trimethylsilylethanol protected compound it resulted instead in the
relatively clean conversion of the starting material to the corresponding stable N-
acylurea molecule (5-60, Figure 2-21). This undesirable side reaction was likely
catalyzed by proton transfer with the pyridine rings adjacent to the O-acylisourea
intermediate as depicted in the Figure 2-21 below, the preorganization of the ‘catalytic

site’ causing the rearrangement to occur faster than the exchange with HOBL.
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Figure 2-21: Proposed mechanism for the formation and rearrangement of the O-acylisourea
intermediate to the stable N-acylurea catalyzed by proton transfer to the adjacent pyridine units.

A far more successful alternative involved a two-step procedure shown in

Scheme 2-26. First the starting carboxylic acid was converted to the corresponding acyl
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chloride using thionyl chloride at elevated temperatures with dimethylformamide as
catalyst followed by careful removal of excess chlorinating agent under a stream of
nitrogen to provide crude acyl chloride as a waxy pale yellow solid. Without any
purification of this material the next step in the procedure, still under an inert nitrogen
atmosphere, involved the addition of trimethylsilylethanol and a drop of dry pyridine to
the crude acyl chloride mixture followed by heating to reflux to yield the final

trimethylsilylethyl ester product (2-63).

Excess SOCI,,

catalytic DMF
—_—

N,, 50°C, 4hrs

2-59 Excess

1.0 eq Pyridine
60°C, 16hrs

Scheme 2-26: Synthesis of trimethylsilylethyl 4-phenyl-2,2’-bipyridine carboxylate (2-63).

With this product in hand the next step was to react it with various transition
metal fluoride salts to see if the simultaneous deprotection of the TMSE ester and metal
complexation strategy could be effective. Unfortunately the number of reasonably
soluble metal fluoride salts of first row transition metals in the +2 oxidation is relatively

limited with only those of cobalt, nickel and zinc having appreciable solubility in
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aqueous solution. Solutions of these salts were prepared and mixed with a
dimethylformamide solution of the TMSE ester protected trial ligand (2-63) at elevated
temperatures in a one to two stoichiometric ratio. Upon mixing immediate but subtle
colour changes were observed followed by formation of finely divided precipitates
suggesting successful reaction between the ligand molecules and the transition metal
ions. Due to the steric bulk imparted to the tridentate binding site by the trimethylsilyl
ester protecting group it was unlikely that the complexes could have formed without
first being successfully deprotected. ESI mass spectrometry was used to analyze the
resulting precipitates and, although the compounds were reluctant to ionize effectively,
signals of mass to charge 609.1, 608.1 and 614.1 and appropriate isotopic patterns
corresponding to M" for the ML, coordination complexes with cobalt, nickel and zinc
were observed. The difficulty in obtaining mass spectra for these compounds was likely
due to the necessity to ionize the metal centers because of the lack of readily ionizable
sites on the complexed ligand. As further support for complex formation attempts were
made at crystallizing the resulting precipitates for x-ray crystallographic analysis.
Fortunately the sample from the reaction of the trial BIPYA ligand (2-63) with cobalt
fluoride provided crystals of sufficiently high quality to provide crystallographic evidence

of complex formation.

Figure 2-22: Crystal structure of the 2:1 complex of the trial BIPYA ligand with cobalt(ll) ion. The
compound co-crystallized with two water and one dimethylformamide molecules which were omitted
from this figure for clarity. Atom legend; white = hydrogen, grey = carbon, blue = nitrogen, red = oxygen,
orange = cobalt.
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This crystal structure provided the best confirmation that the deprotection/
complex formation strategy was a viable route to the desired hexagonal complexes. The
structure of the trial BIPYA complex with a Co”" ion is in a somewhat distorted
octahedral geometry with the planes formed by the pyridine rings to the two tridentate
ligands arranged approximately perpendicular to each other. The distortion from the
idealized octahedral geometry suggests that the cobalt is too large to be effectively
accommodated by two of the tridentate ligands without some deformation. As
discussed in Section 1.6.2 of the introductory chapter this poor size complementarity
likely leads to the formation of a weaker complex than if all of the coordinating atoms
were arranged perfectly in an octahedral arrangement around the central metal.
Fortunately there was sufficient conformational flexibility in the binding site of the

ligand to allow for stable complex formation.

Further complexation studies were carried out with other non fluoride transition
metal salts. These studies involved first deprotecting the trimethylsilylethyl ester
protected BIPYA trial ligand with cesium fluoride and then using this solution as was
with various transition metal salt solutions. Generally all salts tested in these trials
behaved much as those for the three fluoride salts with the protected trial BIPYA ligand;
producing colourful precipitated as shown in Figure 2-23. The only exception was the
reaction with ferric chloride which resulted in a very dramatic colour change of the
solution from a very pale green to dark purple as well as the production of a small
guantity of greyish brown precipitate. The precipitate was suggestive of the
disproportionation of the iron(ll) into iron(lll) and solid iron(0) while the deep purple
colour was indicative of the formation of a charge transfer complex, likely between the

metal centre and the bipyridine moiety of the ligand **%.
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Figure 2-23: Photograph of the dried solids recovered from complexation of various transition metals in
the 2+ oxidation state with the trial BIPYA ligand 2-63 to illustrate the differences in colour. The
coordinated metals were clockwise from top left; manganese, cobalt, copper, zinc, cadmium, nickel and
iron.

Given the successful demonstration of the deprotection/complex formation
strategy with the trial ligand it was decided that the synthesis of the two different bis-
tridentate ligand molecules should proceed using the trimethylsilylethyl ester protecting

group for the protection of the carboxylic acid functional groups.

The final steps in the synthesis of the TERPY-DPA bis-tridentate ligand molecule
(2-42) involved the preparation for and final Sonogashira cross-coupling between an aryl
iodide and a terminal alkyne. For this dissymmetric bis-tridentate ligand system the
choice existed whether to install the terminal alkyne functional group onto the DPA or
the TERPY bearing molecule. Several key considerations of the reactions involved in this
transformation were influential in making the decision to convert the TERPY bearing
molecule to the terminal alkyne over the DPA bearing one. The first was the
requirement that the DPA molecule have its carboxylic acid groups protected as
trimethylsilylethyl ester groups in order to properly purify the compound. As
mentioned previously this protecting group is removed with a source of fluoride ions.
The other key factor was that the installation of the terminal alkyne group involves the
use of the protected alkyne trimethylsilylacetylene which must then be deprotected,

also using a fluoride source, in order to provide the desired terminal alkyne. Since
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deprotection of both the TMSE ester and TMS alkyne protecting groups occur under the
same conditions and the desire is to have the carboxylic acids protected in the final
molecule it made little sense to attach the TMS-acetylene to the protected DPA
molecule only to have both protecting groups removed at the same time yielding the

undesired free carboxylic acids.

Conversion of the aryl iodide 4’-(3-iodophenyl)-2,2’:6’,2"”-terpyridine (2-51) to
the terminal alkyne 4’-(3-ethynylphenyl)-2,2":6’,2”-terpyridine (2-66) involved first the
palladium catalyzed cross-coupling to trimethylsilylacetylene using Sonogashira coupling
conditions; see Scheme 2-27. The resulting trimethylsilyl protected alkyne (2-65) was
then efficiently deprotected to the terminal alkyne (2-66) using tetrabutylammonium

fluoride (TBAF).

2.0 eq TMS-acetylene,
DMF, 0.03 eq Pd(PPh,),,

0.06 eq Cul, 2.0 eq NEt,

ol

N,, Dark, RT, 16hrs

1: THF, 1.0 eq

TBAF RT, 5min Si/
2-51 | ~
2: MeOH

65-90%

Scheme 2-27: Synthesis of 4’-(3-ethynylphenyl)-2,2":6’,2"”-terpyridine (2-66).
Preparation of the DPA bearing half of the molecule for the final cross-coupling

reaction required the previously discussed protection of the carboxylic acids of
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compound 2-56 as the corresponding trimethylsilylethyl esters via conversion to the acyl

chloride as performed for the trial BIPYA ligand; see Scheme 2-28.

OH OH 0] 0]
1: Excess SOC,, |
N o~ , N
0] ~ O catalytic DMFN,, 0] | 3 0]
s 50°C, 4hrs H / \
*Excess | -~ Si Si
Si N TN
Ho” N | |
2-62
556 | 2.0 eq Pyridine e |
i 60°C, 16t i
, 2OITS 12-99%

Scheme 2-28: Synthesis of di-trimethylsilylethyl 4-(3-iodophenyl)pyridine-2,6-dicarboxylate (2-67).
With the aryl iodide 2-67 and terminal alkyne 2-66 halves prepared the final
coupling of the two to obtain the final di-TMSE ester protected DPA-TERPY bis-
tridentate ligand molecule (2-68) was accomplished using Sonogashira cross-coupling
chemistry once more as per Scheme 2-29 below. Starting from benzaldehyde the

overall synthesis of the compound 2-68 provided a yield of 9.2% over six synthetic steps.
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Scheme 2-29: Synthesis of the di-TMSE ester protected DPA-TERPY bis-tridentate ligand (2-68).

The BIPYA-BIPYA bis-tridentate ligand (2-43), although it appears to present a
more simple synthesis due to the symmetry of the molecule, actually posed some
unique challenges compared to the DPA-TERPY molecule (2-42). Firstly, unlike for the
dissymmetric bis-tridentate ligand, there was no choice but to install the terminal alkyne
functional group onto a molecule bearing a protected carboxylic acid. In order to
address this issue an alternative protecting group that would not be deprotected in the
same step as the deprotection of the trimethylsilyl group of the alkyne was needed.
Since previous attempts at protecting the carboxylic acid as bulky t-butyl esters failed,
the chosen alternative was to use the much smaller methyl ester protecting group.
Although the direct removal of this protecting group requires relatively extreme pH,

conditions which eliminate the possibility of the concerted deprotection/complex
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formation strategy being employed, an additional transesterification step was
envisioned whereby the methyl ester could be exchanged with the desired TMSE ester

under mildly basic conditions.

To this end the methyl ester protected molecule, methyl 4-(3-iodophenyl)-2,2’-
bipyridine-6-carboxylate (2-69), was synthesized via the acyl chloride derivative of 4-(3-
iodophenyl)-2,2’-bipyridine-6-carboxylic acid (2-57) using conditions similar to those
used for the TMSE ester protection of the trial BIPYA ligand (2-63, Scheme 2-26)
differing only in the use of dry methanol instead of trimethylsilylethanol; see Scheme
2-30. Attempts were then made at the palladium catalyzed cross-coupling of the methyl
ester protected aryl iodide (2-69) with TMS-acetylene, however using similar conditions
to those used for the coupling between the TERPY bearing molecule (2-51) with the
identical alkyne failed to yield the desired compound (2-70). It was observed while
setting up the reaction that upon addition of the protected BIPYA bearing aryl iodide (2-
69) to the DMF solution of the palladium catalyst the solution went from a pale yellow
to a deep orange colour. A similar colour change was not observed for the analogous

reaction using the TERPY bearing aryl iodide.
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1: Excess SOCI,,
catalytic DMF, N,,
50°C, 4hrs

ol

2: Excess MeOH,
1.0 eq Pyridine
60°C, 16hrs

2-57
2.0 eq TMS-acetylene,

DMF, 0.03 eq Pd{PPh3)4,
0.06 eq Cul, 2.0 eq NEt,,
N,, Dark, RT, 16hrs

Scheme 2-30: Synthesis of methyl 4-(3-iodophenyl)-2,2’-bipyridine-6-carboxylate (2-69) and the
subsequent attempt at the Sonogashira cross-coupling with TMS-acetylene.

With this setback focus shifted to the other required component for the final
palladium catalyzed cross-coupling to yield the desired protected BIPYA-BIPYA bis-
tridentate ligand; trimethylsilylethyl 4-(3-iodophenyl)-2,2’-bipyridine-6-carboxylate (2-
71). The molecule was synthesized from compound 2-57 as per previous methodology
used to install the TMSE ester protecting group. Despite being aware that cross-
coupling of the trimethylsilylacetylene with this product would likely result in the
deprotection of both the trimethylsilyl group from the alkyne as well as the
trimethylsilylethyl ester group from the carboxylic acid in a future step, the failure of
this cross-coupling with the methyl ester protected compound meant that the attempt
was warranted. To this end the Sonogashira coupling reaction was carried out on the
TMSE ester protected product (2-71) with TMS-acetylene. Somewhat surprisingly, in

contrast to the reaction with the methyl ester protected product, this reaction worked
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quite well providing the desired product (2-72) in decent yields, as shown in Scheme

2-31.

1: Excess SOCL,,
catalytic DMF N,
50°C, 4hrs

ol

2: Excess |Si/

e
HO 2-62
1.0 eq Pyridine
2-57 60°C, 16hrs 2-71
43-99%

3.0 eq TMS-acetylene,
DMF, 0.05 eq Pd(PPh,),,

0.10eq Cul, 3.0 eq NEt,,
N,, Dark, RT, 16hrs

Scheme 2-31: Synthesis of the TMS and TMSE ester protected BIPYA precursor 2-72.

Based on these differences in reactivity in conjunction with the observed colour
change that occurred only when adding the methyl ester protected molecule 2-69 to the
solution containing the palladium(0) catalyst it was hypothesized that the methyl ester
protected BIPYA molecule (2-69), being less sterically constrained about the bipyridyl
moiety could in fact form a coordination complex with the palladium(0) from the
catalyst, poisoning it, whereas the more sterically bulky TERPY and trimethylsilylethyl
ester protected BIPYA ligands (2-71 and 2-51) may not be able to approach close enough
to effectively displace the bulky triphenylphosphine ligands and were therefore unable

to poison the catalyst.
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With the product of the successful Sonogashira cross-coupling (2-72) in hand, the

next step was the deprotection of the TMS group from the alkyne, see Scheme 2-32.

1: 2:1 DCM:MeOH,
1.0 eq KOH, RT, 1hr

ol

2: HCl, pH ~7

2-73
98% H

Scheme 2-32: Deprotection of the TMSE and TMS groups from 2-72 and concomitant methyl
esterification to afford 2-73.

An alternative, fluoride free, deprotection condition using potassium hydroxide in
a methanol /dichloromethane mixed solvent was used to afford the terminal alkyne (2-
73). Somewhat fortuitously, but in hindsight unsurprisingly, these conditions provided
the methyl ester product rather than the free carboxylic acid. This result was
encouraging as it both simplified the purification of the product as well as illustrating
that the transesterification reaction was possible for this compound. The final step in
the synthesis of the terminal alkyne molecule before the final cross-coupling to the aryl

iodide half was just such a transesterification only this time in reverse; see Scheme 2-33.
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0.10eq Cul, 2.2 eq NEt; N,,
Dark, RT, 16hrs

~ 0

—Si
2-75 7\
24%

Scheme 2-33: Transesterification to afford the TMSE ester protected alkyne terminated compound 2-74
and subsequent Sonogashira cross-coupling with 2-71 to afford the final di-TMSE protected BIPYA-BIPYA
bis ligand 2-75.

The methyl ester product (2-73) was treated with trimethylsilylethanol and
potassium carbonate as the base to yield the trimethylsilylethyl ester protected BIPYA
ligand bearing the terminal alkyne. The final step in the synthesis of the symmetrical
trimethylsilylethyl ester protected BIPYA-BIPYA bis-tridentate ligand (2-75) involved the
Sonogashira coupling of the aryl iodide (2-71) and the terminal alkyne (2-74) compounds
which was carried out under identical conditions to those for the trimethylsilylethyl

ester protected DPA-TERPY (2-68) molecule.
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The overall syntheses of the final appropriately protected compounds 2-68 and 2-
75 involved 6 and 8 steps respectively with overall yields of 9.2 and 7.5% affording 154

and 92 mg of products for analysis.

2.17 Complexation of Bis-Tridentate ligands with Transition Metals

With the two target trimethylsilylethyl ester protected bis-tridentate ligand
molecules in hand the next step was to study the simultaneous deprotection/complex
formation in order to yield the final self-assembled L3sM3 hexagons. The studies were
carried out in an analogous manner to those carried out for the trial trimethsilylethyl
ester protected BIPYA ligand only using equimolar quantities of ligand to metal salt
rather than in a two to one ratio. Initial studies focused on the use of the soluble metal
fluoride salts CoF,, NiF, and ZnF; in order to further investigate the potential scope of
the simultaneous deprotection - complex formation strategy for the trimethylsilylethyl
ester protected DPA-TERPY molecule (2-68) and the trimethylsilylethyl ester protected
BIPYA-BIPYA molecule (2-75). Upon mixing solutions of any of the metal fluoride salts
with solutions of either the TERPY-DPA or BIPYA-BIPYA bis ligand molecules resulted in
the rapid generation of variously coloured precipitates depending on the metal used as

seen with the BIPYA trial ligand (2-63, Figure 2-23)

The isolated solids were then analyzed using ESI-MS to determine if any hexagonal
species had been formed. Unfortunately, analysis of these products failed to indicate
the formation of any of the hexagonal species or the presence of any uncomplexed
protected or deprotected ligand molecules. The lack of evidence for the uncoordinated
ligand as well as the observed colour changes were indicative of the successful complex
formation although the exact nature of the complexes formed was unknown. It was
hypothesized that a possible reason for the lack of observed hexagonal species could be
due to the poor ionization of the self-assembled structure rather than the lack of
formed hexagons. This hypothesis was based on the difficulties in obtaining mass
spectra for the trial BIPYA ligand complexes, which have a net charge of zero much like

the modified hexagons formed using transition metals in the +2 oxidation state. Recall



140

that it was hypothesized that the difficulties in obtaining mass spectra for the L,M
complexes of the trial BIPYA ligand were due to the requirement for the ionization of
the metal center to obtain a charged complex. Based on this hypothesis it was decided
to try to generate a modified hexagon using a transition metal in the +3 oxidation state
in order to generate an architecture with a native net charge of +3. Such a charged
complex should be much easier to observe using mass spectrometry as no ionization
step is required. In order to achieve this however required the deprotection of the
TMSE groups of the TERPY-DPA (2-68) and BIPYA-BIPYA (2-75) bis ligands as no
sufficiently soluble fluoride salts were available. To obtain the deprotected compounds
solutions of the protected bis-ligands in DMF of known concentration were treated with
two equivalents of TBAF in THF. Upon deprotection the solutions went from clear and
very pale yellow to clear and slightly pink. These solutions of known concentration were
used directly for the self-assembly into the hexagons with net charge of +3. The metal
salts chosen for this experiment were cobalt(lll) chloride and iron(lll) chloride. The
solutions of the bis-ligands and the metal salts were mixed at which point deeply
coloured precipitates formed rapidly. Unfortunately ESI-MS analysis of these newly
formed complexes also failed to provide any indication that the desired hexagonal

species had formed.

A few possible reasons for the failure to observe the desired hexagonal species
were considered. One possibility is that the kinetics of the self-assembly are too rapid
and that the association energy is too strong. A possible result of this would be that the
addition of either bis-ligand or metal centers to the uncyclized LsM3 species to form
insoluble complexes of higher stoichiometry would occur more quickly than it takes for
the complex to rearrange in order to properly cyclize. If the association energy were
relatively weak a self-correction mechanism for the complex via the dissociation of
metal - ligand coordination centres of higher stoichiometry species could allow for the
eventual generation of hexagons as the thermodynamic product. If on the other hand
the association energy was particularly strong and the dissociation of the metal centres

was a very rare occurrence an effective self-correction process would not be available.
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In conjunction with the rapid formation of coordination polymers to the size at which
they became insoluble, and therefore effectively conformationally frozen, the lack of
self-correction would prevent the hexagonal species from forming in substantial
guantities in a reasonable time frame. As discussed previously, it was hypothesized that
the correction process would not be required for the bis-tridentate ligand system
provided that the formation of species of stoichiometry greater than LsM3 was
negligible. Unfortunately this prediction may have proven to be inaccurate, and it was
hypothesized that the formation of coordination polymers with higher stoichiometries
may be a possible reason for the failure to observe the desired hexagonal species. The
presence of a collection of coordination polymers of low solubility and neutral charge
would help to explain the lack of signals from ESI-MS since these species are unlikely to
ionize effectively given the difficulties experienced previously with coordination

compounds of the trial BIPYA ligand (2-63).

An alternative hypothesis is that the insoluble precipitates observed are in
actuality one or more of the precursors of lower stoichiometry on the path to the final
hexagonal assembly. If the self-assembly process was sufficiently slow that a significant
concentration of these smaller species formed and that these lower stoichiometry
species are of sufficiently low solubility in the solvents used then it is possible that they
would precipitate from solution. Evidently once precipitated from solution these
smaller complexes would no longer be capable of proceeding towards the desired

hexagonal complex.

Unfortunately the relatively small supply of bis-tridentate ligands had been
exhausted in the previous studies so it was not possible to carry out the self-assembly
studies under conditions which would slow down the kinetics, such as lower
temperatures and concentrations or the use of a competing ligand. In order to test this
new hypothesis time consuming synthesis of more material was required so it was
decided instead to focus on studying the transport activity of the already prepared

ligand metal mixtures.
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2.18 Trial Transport Assays - TERPY-DPA + Co** Mixture

Although no confirmation of hexagonal structures had been obtained from any of
the prepared bis-tridentate ligand - transition metal mixtures, it was decided to perform
some transport activity assays on one of these mixtures to see if any activity that could
be attributed to the assembled hexagons could be detected. It was decided to use the
TERPY-DPA (2-68) and Co?* mixture in DMF as it was available in the greatest quantity.
The mixture was heated until all solids were dissolved to afford an orange solution and a
portion of this was diluted with DMF until no precipitates formed upon cooling to room

temperature.

Vesicles were prepared in order to perform the HPTS assay on the diluted mixture
however when attempting to obtain a baseline reading using an injection of DMF it was
found that the injection of this solvent, although less than one percent of the total
volume in the fluorescence cell, resulted in exceedingly leaky vesicles that were
unsuitable for determining a rate of transport. The DMF solution of the TERPY-DPA and
Co”* mixture was evaporated very slowly under vacuum to leave behind a dark orange
amorphous solid. Attempts to dissolve this solid in a variety of solvents miscible in
water showed that only DMSO and DMF were suitable. Unfortunately DMSO, much like

DMF resulted in leaky vesicles unsuitable for an effective experiment.

With this development focus turned away from vesicle based assays towards
bilayer clamp studies. Generally bilayer clamp studies require the injection of
significantly less compound than vesicle assays so it was hypothesized that perhaps the
lipid bilayer formed would be unaffected by the DMF or DMSO solvents. Multiple
studies were carried out with the ligand-metal mixture in both solvents, however
several problems were encountered. Firstly, it was observed that upon injection of
small volumes of either solution into the aqueous buffer used in the experiment the
formation of a fine precipitate occurred. Clearly the formation of a precipitate meant
that a significant proportion if not all of the added compound was unavailable to

interact with the lipid bilayer membrane and therefore the likelihood of possible
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channels forming would be quite low. Injecting more of the solution in an attempt to
increase the concentration of compound in the aqueous solvent resulted in excessive
destabilization of the bilayer membrane and therefore the ability to observe any
transport activity was lost. As an alternative approach the lipid solution used for the
formation of the bilayer was pre-mixed with a small volume of the solutions and then
dried as much as possible under both vacuum and a stream of nitrogen. When this lipid
solution was resuspended in decane, as per standard procedure, there was an evident
increase in the turbidity of the resultant solution suggesting that there were some
species which were poorly solubilized. All attempts to form stable bilayers with these
pre-mixed lipid solutions resulted in failure. As control experiments involving the pre-
mixing of only either the DMF or DMSO solvent with the lipid solution followed by
drying under vacuum and nitrogen and resuspension in decane also resulted in turbid
solutions which were not competent for forming stable bilayers. This observation
suggested that once again the solvents available for the dissolution of the TERPY-DPA

and Co”" mixture were incompatible for studying transport activity.

At this juncture the appropriate course of action was to step back and analyze the
data available on the two metal ligand systems synthesized, the modified Fujita squares
and Newkome hexagons, in an attempt to separate out the positive features from the

not so positive ones.

2.19 Lessons Learned and Potential Future Directions

Despite the many disappointments in so far as obtaining ion transport active self-
assembling architectures based on metal-ligand interactions several important
interpretations can be made by comparing the features that differ between the

modified Fujita and Newkome systems.

Firstly, the denticity of the ligands used varied significantly; monodentate in the
case of the 4,4’-bipyridines of the Fujita system and tridentate for all three of the TERPY,

DPA and BIPYA moieties used in the Newkome system. The initial impetus for moving
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from the monodentate to tridentate system was the hypothesis that perhaps the lipid
bilayer membrane was too chaotic for the formation of stable self-assemblies
comprising only one metal ligand interaction. In retrospect the change in design from
monodentate to tridentate was likely too drastic; even though the tridentate ligands
likely formed exceedingly strong interactions with added transition metal centres this
may have also resulted in the loss of the ability for the self-assemblies to effectively self-
correct to the desired hexagonal structures via dissociation of the metal-ligand
complexes. Without this self-correction the species formed in the case of the modified
Newkome system may very well have been extensive coordination polymers which
would account for the poor solubilities of the metal-ligand products as well as the
difficulties in obtaining meaningful results from the mass spectrometry experiments.
Alternatively the system may have indeed formed the desired hexagonal species when
the solutions were of low concentration and at elevated temperatures. It may have
been the requirement for cooling and concentration of these solutions in order to carry
out experimental analyses that led to the generation of species of higher stoichiometry.
This interpretation rests on there being sufficient lability of the metal ligand interactions
so that the hexagonal species could dissociate and incorporate more subunits to lead to
these larger constructs. Regardless, based on these observations abandoning the
monodentate ligand binding motif may have been hasty and any future designs of ion
channels using metal-ligand interactions for self-assembly should return to
monodentate interactions initially followed by bidentate motifs if these prove

insufficient.

Another hypothesis made in transitioning from the Fujita to the Newkome based
systems was that the high charge density of the Fujita square was detrimental to the
effective partitioning of the self-assembled species into the non-polar bilayer
membrane. The modified Newkome system attempted to address this by designing
ligand - metal coordination centres that possessed no net charge. In retrospect this was
also likely too drastic of a modification as the exceedingly poor solubility of all of the

modified Newkome ligand - metal mixtures in agueous solvents meant that they simply
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precipitated from solution without having a chance to partition into any available
bilayers. Low aqueous solubility has been previously implicated for the poor transport
activity observed for oligoester molecules synthesized in the Fyles lab 32 Although the
exact solubility properties of the target modified Newkome hexagons could not be
predicted prior to synthesizing the compounds it should not have come as a surprise
that they would have low aqueous solubility due to their lack of charge. Future designs
for systems using metal-ligand interactions for the self-assembly of ion channels should
therefore generate amphiphilic assemblies. Many of the most successful synthetic ion
channel forming compounds are amphiphilic in nature and returning to this tried and
true design principle would hopefully result in compounds which have the proper
balance between aqueous solubility and membrane partitioning. For example a design
incorporating metal - ligand interactions that more closely mimicked the overall
structure of the cyclodextrin based ion channels discussed in the introduction
comprising a rigid macrocycle with polar groups projecting from one face and non-polar

groups projecting from the other may provide a promising starting point.

There are however some design modifications that were made in going from the
Fujita to Newkome systems that should be retained. For example, attempting to
minimize steric obstruction of the pore, which was likely to be a problem in the

modified Fujita square, should still be integral to any design.

In short, although the goal of obtaining discrete ion channels via metal - ligand
self-assembly strategies proved elusive, many important lessons were learned that can
be applied to future designs. The development of synthetic ion channels via novel
strategies such as metal - ligand self-assembly is still a worthwhile and potentially very

rewarding pursuit for the clever and determined chemist.
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3 Dissipative Assembly of Transport Active Systems

3.1 Thermodynamic vs. Dissipative Assembly

Another interesting avenue of exploration under the more general sphere of self-
assembly is in studying more dynamic or non-equilibrium assembly processes. They are
interesting not only with respect to membrane transport activity, for which the focus in
the field thus far has been on systems which thermodynamically self-assemble, but also
from the more encompassing view of mimicking natural systems. In Nature few
processes necessary for life remain at thermodynamic equilibrium for long. Survival of
even the simplest organism requires constant intake of fuels from, and excretion of
metabolites to, the environment and therefore predicates a system which is in a

constant state of flux.

Conceptually the difference between thermodynamic and dissipative assembly
breaks down to where along the potential energy surface the transport active species

resides. A graphical representation of these processes is presented in Figure 3-1 below.
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Figure 3-1: Simplified diagram illustrating the conceptual differences in potential energy surfaces
between; A) a thermodynamic self-assembling system and B) a dissipative assembling system.

In both assembly processes the transport active species is formed from several
higher energy components. In the conceptually simplest case of thermodynamic
assembly (Figure 3-1, A) the components self-assemble through a series of discrete

steps of sequentially lower and lower potential energy eventually reaching a fully
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assembled structure at the global minimum on the potential energy surface. It is this

highly stable species which acts as the transport active species.

In the case of a dissipative system the assembly of the higher energy components
proceeds to a lower energy active species which exists at only a local minimum on the
potential energy surface. From this local minimum the transport active species then
decomposes to an inactive form at the global minimum on the potential energy surface
via some spontaneous mechanism (Figure 3-1, B). Ideally it would also be possible to re-
activate the system via the introduction of an external fuel source. Such a system would
take an additional step towards achieving truly Natural like behavior, although lacking

the complex peripheral mechanisms for obtaining its own fuel.

In the thermodynamic system (Figure 3-1, A) it is expected that once the desired
self-assembly is generated, ion transport activity should be observed for the entire
duration of the study and that the range of activity would be relatively static over the
course of time. In contrast, an ion transport system that undergoes dissipative assembly
is expected to show transport activity that is not constant during the time course of the
studies with these changes occurring on a similar time scale to the degradation of the

active species to the more thermodynamically favorable final inactive one.

3.2 Design Considerations for a Channel Exhibiting Dissipative Assembly

In order to develop a successful ion channel system within the framework of a
dissipative assembly strategy several crucial design components had to be taken into
account. The first consideration was that the main goal was to provide the proof of
concept of the dissipative assembly strategy rather than finding a new class of ion
transporting molecules. Therefore, in order to maximize the chances of observing ion
transport activity, it was decided to use a preexisting channel forming molecule
developed in the Fyles lab with well studied properties as the lead compound rather

than trying to build a new system from the ground up.
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Other important aspects to consider were the mechanism by which the system
was to become deactivated and the nature of the final inactive species. However, there
was no inherent preference as to whether the mechanism of deactivation was passive,
that is an intramolecular process that occurs spontaneously for the active species, or
induced by the addition of some other reactive component via an intermolecular
process. That being said, it was necessary that if the deactivation was to involve the
addition of a second reactive species that the added compound must not react or affect

the integrity of the bilayer membrane in any appreciable way.

Of greater importance was that the reaction occurred on a time scale similar to
that of either the vesicle based HPTS or the bilayer clamp transport activity assays. This
would ensure that the evolution of the transport activity could be easily monitored with

respect to time.

The HPTS assay was the experiment of choice since it is used to monitor the bulk
transport activity of a population of transport active species therefore the overall
activity of the system would show a rise or fall in the activity of the system as it
assembles or dissipates respectively. Observation of the entire range of activities as
they evolved over time could therefore be determined over the course of a single set of
experiments. The bilayer clamp assay on the other hand, monitors single transport
active species. The result is that, while the cessation of the activity of a particular
channel may be observed by this method, the proper assessment of changes to activity
over time would require conducting a very large number of trials in order to collect

sufficient data to make a definitive correlation.

Common practice in the laboratory is to carry out individual vesicle based HPTS
experiments with a duration of ten minutes, and provided the vesicle solution is kept at
a low temperature and exposure of the solution to the atmosphere is minimized, the
vesicles can maintain their integrity for several hours. Therefore if the HPTS assay was
to be used for assessing changes in transport activity, a deactivation process which

occurred over the course of an hour or two would be ideal as the entire range of
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activities could be monitored with a single sample of vesicles. A process that occurred
significantly faster would be difficult to monitor using the HPTS assay since over the
course of a single experiment the activity could change dramatically making the analysis
of the data more complicated. Conversely, although it would be possible to monitor the
changes in activity for a system with a longer deactivation period, due to the somewhat
limited lifetime of the vesicles multiple different solutions of these would need to be
used. Since even with exceptional care taken in their preparation individual solutions of
vesicles tend to show slightly different behavior the data obtained for the changes in
activity over time would not be as accurate as if only a single solution of vesicles was

used.

The bilayer clamp assay, although not the preferred method for analyzing the
changes in activity as discussed previously, has a similar time dependence as the HPTS
assay. It has been observed in the laboratory that an individual bilayer membrane once
generated can exhibit relatively stable properties for up to about two hours. That being
stated the stability of any particular membrane varies considerably, especially with the
introduction of transport active compounds, so the two hour time limit should not be
relied on too heavily. Due to this time dependence as well as the inability of the assay
to detect more than a few transport active species simultaneously, deactivation
processes occurring over significantly longer or shorter time periods than approximately

an hour would also be more difficult to assess.

Given that the time scales of both assays are on the order of a few hours the
deactivation process should also occur over a similar time period. In order to maximize
the chances of developing a deactivation reaction that occurs on this time scale it was
advantageous to design a system that allowed for varying the rate of the reaction by

simple modification of the molecule or the conditions used in the transport assays.
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3.3 Design Elements for the Dissipatively Assembling lon Channel

The lead molecule chosen as the basis for the new ion channel design was the
molecule HOOC-Hex-Dip-Hex-Hex-OH (3-1) below, previously developed by Moszynski

and Fyles 1105

. The naming convention used for these oligoesters is to start from the
carboxylic acid terminus and name the individual segments based on the number of
carbons in the chain, Hex for a six carbon piece for example, or the nature of the
substituent, Dip as a short form for the diphenylacetylene containing piece for example,
and finally to list the functionality of the other terminus, OH for the hydroxyl in this
case. A similar naming system will be used in this document for the dissipative assembly

synthetic targets.

HOOC-Hex-Dip-Hex-Hex-OH (3-1)

This molecule was chosen because it has been well studied in the laboratory and
was shown to exhibit many properties which were desirable in a new target ion channel.
Firstly, the ester coupling reaction conditions and protecting group strategies used for
the synthesis of this class of oligoester ion channel have been previously optimized in
the lab. The molecule is also structurally simple compared to other transport active
molecules from literature so the synthesis was expected to be reasonably facile. Also,
this particular molecule showed very high transport activity in both the vesicle based
HPTS assay as well as in the bilayer clamp experiment. A molecule of similar length and

structural features was therefore expected to show similarly high activity. In addition



152

the incorporation of the diphenylacetylene chromophore into any design was appealing
since this moiety was shown to exhibit environment sensitive fluorescence which
allowed for some monitoring of the partitioning behavior of molecules in which it was

present.

With the general structure for the synthetic target in mind the next design
component to consider was the nature of the deactivated species and the reaction that
would result in its generation. Transport studies of HOOC-Hex-Dip-Hex-OH, the
truncated version of the lead molecule HOOC-Hex-Dip-Hex-Hex-OH, possessing only one
Hex unit at the hydroxyl terminus rather than two, showed a marked decrease in
transport activity over the full length molecule. In fact many examples of oligoester ion
channels synthesized in the Fyles lab, as well as examples from other labs, have shown
that the overall length of the molecule plays a large role in determining the activity >
105,119, molecules whose length closely matches the thickness of the bilayer membrane
are often more reactive than those which are either shorter or longer. These results

suggested that a reaction that resulted in a truncated version of the transport active

molecule would likely exhibit the desired decrease in transport activity.

In choosing the nature of reaction that would effect this truncation a cue was
taken from strategies employed by the pharmaceutical industry for the development of
prodrugs; the intramolecular cyclization reaction ***. This strategy, summarized in
Figure 3-2 below, involves a molecule possessing a ‘masked’ nucleophile at the terminus
and an electrophilic carbonyl group at some distance away which is covalently bonded
to a heteroatom, which will act as a leaving group, more distal to the terminus. In order
to effect the truncation reaction the nucleophile must be ‘unmasked’ so that it can
attack the carbonyl group resulting in the cleavage of the covalent bond to the
heteroatom. The overall reaction therefore generates the desired truncated molecule

as well as a new cyclic molecule.
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Figure 3-2: Diagram of the intramolecular cyclization reaction. The masked nucleophile (Nu) of the initial
compound is first unmasked; this nucleophile (Nu) is then free to attack the electrophilic carbonyl at some
distance away on the same molecule. The covalent bond between the carbonyl and the adjacent
heteroatom leaving group (X) is cleaved in the process to afford the final truncated molecule as well as a
new cyclic molecule.

This truncation mechanism was also appealing because it is amenable to many
different modifications which should allow for the refinement of the reaction kinetics
and thermodynamics' For example the nucleophilicity of the nucleophile used can be

122 | addition the number

increased or decreased to modulate the rate of the reaction
of atoms between the nucleophile and the carbonyl group can be adjusted; this would
result in changes to the size of the final cyclic structure. Since cyclization reactions
which result in five or six membered rings are most favored, decreasing or increasing
the length of the chain between the carbonyl and the nucleophile should result in a

. . 123,124, 12
decrease in the rate of the reaction 23124125

. Finally the heteroatom bonded to the
carbonyl can also be changed. Likely candidates for this heteroatom were oxygen, sulfur
and nitrogen to produce ester, thioester and amide groups with the carbonyl

respectively.

34 Dissipative Assembling lon Channel Synthetic Target

Taking into consideration all of these design considerations a small library of
structurally related synthetic targets was conceived; the general structure and sites of

modification are shown in Figure 3-3 below.



154

Carboxylic acid

terminus
Modified diphenylacetylene
containing moiety
(ADip)
o]
Thioester
linkage ~
OH or NH3*
nucleophilic
~
terminus -

n
\ ) \ Y )
Variable length Eight carbon
linker long linker

X=0H,NH;n=1,2.3,5

Figure 3-3: Synthetic targets for potential dissipative assembling ion channels with important design
features highlighted.

Overall the target molecules retain many similar features to the lead HOOC-Hex-
Dip-Hex-Hex-OH that were found to be important such as a carboxylic acid terminus, a
fluorescent reporting diphenylacetylene group, a nucleophile at the other terminus as
well as retaining roughly the same overall length although with some internal variability

in the composition and sequence.

The carboxylic acid terminus was retained in order to provide improved aqueous
solubility; previously synthesized compounds lacking this functionality were shown to
have poor aqueous solubility resulting in irreversible aggregation and poor transport

activity.

The diphenylacetylene group was retained but in a somewhat modified form
from the Dip moiety of the lead compound. This modified Dip component was given the
short form naming convention, ADip, in order to distinguish it from the previous version.
In the lead compound the Dip moiety was intentionally dissymmetric in order to allow

for a solid phase synthesis strategy to be employed. Since the synthesis of these targets
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was intended to be entirely solution phase, a symmetrical molecule was chosen in order
to simplify the synthesis. The modified diphenylacetylene containing component also
lacks the methylene units between the diphenylacetylene portion and the functional
groups as either end. This has the effect of extending the nt system of the chromophore
and may result in some improvements in its fluorescent reporting characteristics over

the Dip component.

The other terminus of the molecule was designed to be either the nucleophilic
hydroxyl or amine functional groups. The variability of the functional group at this
position was included in order to provide the ability to adjust the rate of the truncation

reaction as discussed previously.

Extending from this nucleophilic terminus was a variable length linker. As
previously mentioned using different numbers of methylene units at this position allows
for further control of the reaction rate. Although the lengths targeted depended
somewhat on the commercial availability of the amino acids to be used as feedstocks,
they were also chosen in order to ensure that the products of the cyclization reaction
included those with the thermodynamically most stable ring sizes. Particularly desirable
were the four and five carbon long pieces which would generate the more stable five
and six membered rings respectively. In addition the variability of the length of this
component also has an effect on the overall length of the resulting molecule. The effect
of these length differences of the full length compound were also expected to be
interesting as it has been shown in previous studies of oligoester ion channels that

length can play an important role in transport activity, as discussed previously.

The thioester linkage was chosen over the ester and amide options for several
reasons. The preference over the amide linkage was due mainly to fears that the
relatively stable amide bond would be too difficult to cleave in the cyclization reaction
causing the truncation process to be either too slow or to not occur at all. The thioester
linkage also has the advantage over the other functional groups because of its unique

reactivity with respect to the thiol-thioester exchange reaction > In this reaction a
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molecule possessing a nucleophilic thiol functional group can attack the electrophilic
carbonyl group of a thioester, resulting in the cleavage of the bond between the
carbonyl and the original sulfur atom. The overall effect is that the pendant groups are
effectively switched between the original thiol and thioester to form a new thiol and

thioester molecules.

The reversible covalent bond forming thioester exchange reaction, unlike the
related transesterification reaction, occurs under relatively mild aqueous conditions
which can be easily achieved in either of the ion transport assays. The appeal of this
reaction is that it could be possible to reactivate the transport activity of the system
after the truncation reaction had occurred to deactivate it; see Scheme 3-1. This
reactivation could work because the truncated product of the intramolecular cyclization
reaction possesses a terminal thiol group. Therefore the addition of a carefully designed
thioester containing molecule to the truncated thiol molecule could result in the
thioester exchange reaction occurring between these two species resulting in the re-
elongation of the inactive truncated molecule to the full length active one. The ability to
selectively turn off and on transport function by perturbations to the overall system

would bring the model even closer to mimicking the behaviors of natural ion channels.



o)
HO
5
0 “~
™~
Inactive
O@SH
8
0
o)

Active

157

Scheme 3-1: Schematic representation of the thioester exchange reaction between a purportedly
inactive, thiol terminated, truncated molecule and a sacrificial thioeser resulting in the regeneration of

the purportedly active full length thioester molecule.

The overall cycle of from transport active to transport inactive species via the

spontaneous intramolecular cyclization - truncation reaction followed by regeneration

of the transport active species by addition of a molecular fuel which undergoes thiol -

thioester exchange reaction with the thiol terminated truncated compound is illustrated

in Figure 3-4 below.
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Figure 3-4: Representation of the envisioned deactivation - reactivation cycle for the target compounds.
Starting from the top of the figure and working counterclockwise: the full length transport active species
undergoes a spontaneous intramolecular cyclyzation - truncation eliminating a cyclic ‘waste’ molecule
while generating the truncated, transport inactive compound possessing a reactive terminal thiol group.
By introducing an appropriate molecular ‘fuel’ possessing a thioester linkage to this truncated compound
an intermolecular thioester exchange reaction can occur resulting in the generation of a new ‘waste’ thiol
terminated compound and the regenerating the full length transport active species.

The proposed system therefore falls into the realm of dissipative assembly 126 in

particular the topology of the system shares many of the same features as the

h'?. In the van Esch system the modulated

molecular gelators developed by van Esc
function is the physical state of the system between a gel and a solvent phase. The
system involves the use of the molecule dibenzoyl-(L)-cysteine (DBC) depicted in Figure

3-5 below.
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Figure 3-5: A) the structure of dibenzoyl-(L)-cysteine (DBC) and B) a schematic of the dissipative self-
assembly cycle used. Red and blue segments represent anionic carboxylate and neutral methyl ester ends
of the DBC molecule.

When in its deprotonated form (fully red segments, Figure 3-5) intermolecular
repulsion occurs between the carboxylate groups of the DBC molecule causing the
molecules to be well solvated in aqueous media. However, if the ionic nature of the
carboxylate groups is masked, by protonation in the case of lowered pH for example,
the DBC molecules self-assemble into a gel phase via the formation of a network of
intermolecular hydrogen bonds. In the van Esch system, rather than using protons as
method of neutralizing the charge on the DBC molecules, methyl iodide (Mel) was
added to the system as a fuel source at neutral pH in order to spontaneously alkylate
the carboxylate groups of the DBC molecule to the corresponding methyl esters (blue
segments, Figure 3-5), resulting in conversion to the gel phase. Gradually over time the
methyl esters were hydrolyzed to regenerate the di-carboxylate version of the DBC
molecule causing a return to the solvent phase of the system. Repeated treatments

with Mel could reversibly switch the system back to the gel phase.

The final design component of the envisioned dissipative transport system was
the inclusion of an eight carbon chain between the thioester linkage to the nucleophilic
terminus and the proximal ester linkage to the ADip component. It was important to
ensure that this linkage was of sufficient length. As discussed the intramolecular

cyclization reaction occurs when the nucleophilic terminus of the molecule attacks the
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internal carbonyl group to generate a cyclic molecule as well as a terminal thiol. This
newly generated thiol is itself nucleophilic, therefore the possibility exists of this thiol

attacking the next ester over in the molecule as presented in Scheme 3-2 below.

+ Proton Transfer

o,

OH

Scheme 3-2: Mechanism of the intramolecular attack of the terminal thiol of the truncated molecule on
the adjacent ester to form a new thioester - alcohol containing molecule which would be incompetent in a
thioester exchange reaction with another thioester.

This intramolecular reaction would result in the generation of a new thioester
bond as well as a terminal alcohol group. If the recovery of transport activity is to be
achieved via the thioester exchange reaction with a sacrificial thioester as envisioned,

the terminus of the truncated molecule must be a thiol group, not an alcohol. With a
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linkage at this position of eight carbons, the nucleophilic attack of the thiol on the
adjacent ester would require the formation of an eleven membered ring intermediate,
which is entropically disfavoured, and therefore this unwanted side reaction should be
slowed down considerably. Although the stability of the oxygen ester is higher than that
of the corresponding thioester, the possibility of this undesirable side reaction exists so

to be safe this extended linker was an added feature of the design.

3.5 Retrosynthetic Analysis of Target Molecules

A retrosynthetic analysis of the target molecules is presented in Scheme 3-3

below.
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Scheme 3-3: Retrosynthetic analysis of the target dissipative assembling ion channel molecules. The
initial disconnection was chosen such that it divided the molecule into two approximately equal halves;
one half bearing the carboxylic acid terminus (A) and the other bearing the nucleophilic terminus (B). PG
= protecting group, X =0 or NH, n =1,2,3 or 5 methylene units.
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From previous solution phase syntheses of the related diphenylacetylene
containing oligomers ¥, of which the lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1)
was one, the target molecules are best considered to be composed of two halves, with
the alkyne moiety of the ADip component serving as a logical dividing point between the
halves. The first retrosynthetic disconnection was chosen between the alkyne and the
aromatic ring on the half of the molecule bearing the nucleophile to provide the two
different halves. Following the retrosynthetic course of the carboxylic acid bearing half,
the next disconnection was envisioned between the corresponding aryl iodide and the
alkyne group. The aryl iodide bearing compound was further disconnected at the ester
linkage between the p-iodobenzoic acid and the protected carboxylic acid - alcohol
portion to provide the two starting materials for this side of the molecule. Turning to
the other half of the molecule, the first disconnection of this piece was chosen at the
ester linkage between the p-iodobenzoic acid and the alcohol end of the fragment
bearing the nucleophilic terminus. The final disconnection for this half of the molecule
occurs at the thioester linkage between the thiol-alcohol and the protected nucleophile-

carboxylic acid portions.

3.6 Synthesis

The synthesis started with the carboxylic acid bearing half of the molecule since
this fragment is common to all of the target molecules. The synthesis began with
several previously reported 127 synthetic steps leading to the compound 3-7 as shown in
Scheme 3-4. First the base catalyzed hydrolysis of e-caprolactone (3-2) was carried out
to yield 6-hydroxyhexanoic acid (3-3). The alcohol group of this molecule was then
protected with the 2-tetrahydropyranyl (THP) protecting group via the p-toluenesulfonic
acid catalyzed reaction with 3,4-dihydro-2H-pyran to afford compound 3-4. The next
step was the protection of the carboxylic acid functional group of the protected alcohol
using the 3-methylbut-2-en-1yl (prenyl) protecting group. The prenyl protecting group
was chosen as it has orthogonal deprotection conditions to the already installed THP

protecting group; THP is removed using mildly acidic conditions whereas the prenyl
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protecting group is commonly removed using trimethylsilyl trifluoromethanesulfonate
(TMS-OTf) in dichloromethane *?2. The prenyl protecting group was installed via the
active ester intermediate formed from the reaction of diisopropylcarbodiimide (DIC),
hydroxybenzotriazole (HOBt) and 3-methyl-2-buten-1-ol (3-5) with
diisopropylethylamine (DIPEA) as the base. With the THP-prenyl diprotected molecule
3-6 in hand the next step in the synthesis involved the removal of the THP protecting
group. This reaction was achieved using p-toluenesulfonic acid in a mixture of methanol
and dichloromethane as solvent to yield the desired product 3-methylbut-2-en-1-yl-6-

hydroxyhexanoate (3-7).

0
1:1.1eq NaOH{ HO
aq)
0 S \[]/\/\/\OH
33
2: HCl pH~3 0
99% Catalytic
p-Tos-OH, DCM
3-2
1.5 qu(j/OH
1.1eqDIC, RT, 16hrs
1.1 eq HOBt

| 2.2 eq DIPEA,
0 THF
Y\/\/\O 0 W
36 o \|/2\22q 34

89-98% © 54-77%
) RT, 16hrs
Catalytic p-Tos-OH

(9:1) MeOH:DCM, RT,
3hrs

Scheme 3-4: Synthetic scheme carried out for the production of 3-methylbut-2-en-1-yl-6-
hydroxyhexanoate (3-7) following a previously reported synthetic pathway.

The next step in the synthesis of the carboxylic acid bearing half of the molecule
was the formation of the ester between the now liberated hydroxyl group of 3-

methylbut-2-en-1-yl-6-hydroxyhexanoate (3-7) and p-iodobenzoic acid (3-8). This ester
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coupling was achieved by once again using the DIC, HOBt, DIPEA coupling conditions
used for installing the prenyl protecting group to afford 6-[(3-methylbut-2-en-1-yl)oxy]-

6-oxohexyl 4-iodobenzoate (3-9) as the product, see Scheme 3-5.

l.4eq

T - 50
OH
0 37 3.8

1.4eqDIC, 1.4 eq
HOBt,2.8 eq DIPEA,
THF, RT, 16hrs

\(/ (6]
o |
Wo

0 3-9

83-90%

Scheme 3-5: Synthesis of the ester product 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-iodobenzoate (3-
9).

The synthesis continued with the palladium catalyzed Sonogashira cross coupling
of the aryl iodide (3-9) with the protected alkyne, trimethylsilylacetylene (TMS-
acetylene); see Scheme 3-6. The reaction was carried out using catalytic amounts of
tetrakis(triphenylphospine) palladium(0) and copper iodide with triethylamine acting as
the base. The product of this reaction (3-10) required the removal of the TMS
protecting group from the alkyne in order to generate the terminal alkyne of the final
carboxylic acid bearing half of the molecule (3-11). This deprotection was achieved by
treatment of the compound with tetrabutylammonium fluoride (TBAF) in
tetrahydrofuran (THF) as solvent to generate the final prenyl-protected half of the

molecule, 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-ethynylbenzoate (3-11).
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Scheme 3-6: Synthesis of the prenyl protected terminal alkyne 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl
4-ethynylbenzoate (3-11).

With the protected carboxylic acid bearing half of the molecules in hand, the

focus now turned to the synthesis of the various other halves of the molecules sporting

different nucleophilic termini.

For the amine terminated compounds this first step involved the protection of
the amine functional group of amino acids of varying length; see Scheme 3-7. The
protecting group of choice in this instance was the N-tert-butoxycarbonyl (t-BOC) group.
This group was chosen as most of the downstream reactions in the synthesis occur
under basic conditions, towards which the t-BOC group is stable, while the final
deprotection of this group occurs after treatment with acid. The t-BOC group was

installed by reacting the amino acids of varying lengths (4, 5, 6 and 8 carbons long) with
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di-tert-butyl dicarbonate in a basic solution of tetrahydrofuran and water. Under these
conditions all amino acids were efficiently protected providing high yields of the desired
compounds (3-12 - 3-15) as confirmed by comparison of the NMR spectra to those of

the products as previously reported in literature.

1: THF, 1.0 eq NaOH RT, 3hrs

(aq)’

o] o] o]
o 2o YK N
| 0O 0O 0 N |
HyN > OH
OH 2: HCl, 0°C, pH ~3
n n
0
n=3,3-12, 69-98%
n=4,3-13, 73-96%

n=>5, 3-14, 94%
n=7,3-15,96%

Scheme 3-7: Synthesis of the t-Boc protected nucleophiles from amino acids of varying lengths.

For the hydroxyl terminated compounds a different protection strategy was
required. Conveniently the required six carbon long appropriately protected alcohol
acid had already been prepared in the synthesis of the carboxylic acid bearing half of the
molecule; 6-(tetrahydro-2H-pyran-2-yloxy)hexanoic acid (3-4, Scheme 3-4). As
mentioned previously the THP protecting group present on the alcohol of this molecule

is stable to basic conditions and cleaved with an acid treatment.

In order to obtain the four carbon analog of this compound, a similar synthetic
strategy starting from y-butyrolactone (3-16) was attempted (Scheme 3-8).
Unfortunately the first step of this synthetic pathway, the cleavage of the ester to yield
4-hydroxybutanoic acid failed as only y-butyrolactone was recovered from the reaction
and subsequent neutralization. This was likely due to the equilibrium between the
lactone and the alcohol-carboxylic acid molecules lying far towards the lactone form;

the five membered ring formed upon cyclization of the lactone being particularly stable.

An alternative pathway to the desired four carbon long compound was carried
out as found in literature starting from 1,4-butanediol (3-17) and using the fluoride

labile tert-butyldimethylsilyl (TBDMS) ether protecting group (Scheme 3-8). The switch



168

to the TBDMS protecting group from the THP protecting group was initiated due to
previous experiments in the lab which showed that both the prenyl as well as the
TBDMS groups could be deprotected by using TMS-OTf. The deprotections of both the
carboxylic acid and the alcohol termini could be carried out at the same time, reducing
the number of synthetic and purification steps. The first step involved the installation of
the TBDMS group onto only one of the terminal hydroxyl groups. This was achieved by
reacting four equivalents of the diol 3-17 with one equivalent of tert-butyldimethylsilyl
chloride (TBDMSCI) in THF with imidazole as the catalyst in order to minimize the
amount of undesired di-protected compound being formed. With the mono protected
diol 3-18 in hand the next synthetic step was the oxidation of the unprotected hydroxyl
group to the corresponding carboxylic acid. This was achieved in a biphasic reaction of
benzene and aqueous potassium permanganate with the phase transfer catalyst
tetraoctylammonium bromide (TOAB) to generate the desired product, [(tert-
butyldimethylsilyl)oxy]butanoic acid (3-19) which was confirmed by comparison of the

NMR spectra to those from literature.

1: NaOH
—_—l HO
0 2: HCl OH
3-16
0
S e
/S| OH
| 3-19
61%
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KIVInOMaq] 5.0 eq TOAB
0.5 eq TBDMSCI, 0°C -> RT, 4hrs

1.5 eq Imidazole,

RN == e W NN

OH Si OH
3-17 0°C ->RT, 2hrs /|

Scheme 3-8: Synthesis of [(tert-butyldimethylsilyl)oxy]butanoic acid (3-19).
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With the various nucleophilic ‘warheads’ synthesized (3-12 - 3-15, 3-4 and 3-19),
the next synthetic component needed for the nucleophilic half of the molecules was the
eight carbon tether, shown in Scheme 3-9. Beginning with 1,8-octanediol (3-20) as the
starting material, one of the alcohol groups of the molecule was selectively converted to
the alkyl bromide by reaction with hydrobromic acid in toluene under refluxing
conditions according to a literature procedure to afford the desired 8-bromooctan-1-ol
(3-21). The structure of the compound was confirmed by comparison of NMR spectra to
those from literature. The alkyl bromide group of compound 3-21 was then converted
to the terminal thiol 3-22 according to another literature procedure *?°. This
transformation was accomplished by reaction of the alkyl bromide 3-21 first with
thiourea in ethanol at reflux under an atmosphere of nitrogen and then while still
maintaining an inert atmosphere, the treatment of the reaction with ethylenediamine at
room temperature. The product of this reaction, 8-sulfanyloctan-1-ol (3-22) was of high
purity and in high yield and the structure was confirmed by comparison of the NMR

spectra to those found in the literature.

0.9 eq HBr, Toluene

HO\/\/\/\/\OH - = Br\/\/\/\/\OH
115°C, 16hrs
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EtOH,_, . N,, 100°C, 40hrs

2: 15 eq Ethylenediamine,
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HS\/\/\/\/\
OH
3-22
19-42%

Scheme 3-9: Synthesis of 8-sulfanyloctan-1-ol (3-22).

It is worth noting that during this synthesis the option of finding an appropriate
protecting group for the alcohol terminus was considered as an alternative in order to
allow for cleaner reactions in the following steps. The protection strategy would require

two additional steps in the synthesis, one step to install the protecting group and
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another further along in the synthesis to remove it. However it was hypothesized at the
time that perhaps the small but significant differences in reactivity between the thiol
and alcohol functional groups would provide some selectivity in the reactions to follow
so in order to shorten the synthesis it was decided to carry on without installing a

protecting group onto the hydroxyl moiety.

The next step in the syntheses was the formation of the thioester linkage
between the 8-sulfanyloctan-1-ol (3-22) and the previously synthesized carboxylic acid
bearing compounds with protected nucleophiles (3-4, 3-12 - 3-15, 3-19). These
reactions were carried out using slightly modified active ester coupling conditions to
those used previously for the synthesis of the carboxylic acid bearing half of the
molecule (Scheme 3-10). While the relative stoichiometries of the DIC and HOBt
reagents were kept constant, half of the normal amount of the base DIPEA was used.
Due to the lower pK, of the thiol group relative to its alcohol counterpart, it was
believed that by decreasing the stoichiometry of the base relative to 8-sulfanyloctan-1-
ol (3-22) to a 1:1 ratio the reaction with the thiolate to form the thioesters would be
more rapid than that of the alkoxide to form the esters due to the higher relative
nucleophilicity of the sulfur to the oxygen at equivalent charge. This assumption proved
to be justified as the reactions invariably provided the desired thioester products (3-23 -
3-28) in the highest, although still modest, percent yield relative to the other potential
products. Somewhat surprisingly the other compounds recovered from the reactions
were consistently, in order of percent yield from highest to lowest, the doubly coupled
ester-thioester products (3-29 - 3-34), the starting 8-sulfanyloctan-1-ol (3-22) and finally

the ester products (3-35 - 3-40), which were always recovered in the lowest yield.
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Scheme 3-10: Synthesis of the various protected nucleophile - thioester molecules (3-23 - 3-28) and
associated ester-thioester (3-29 - 3-34) and ester - thiol (3-35 - 3-40) side products.

With the successful syntheses of the six thioester containing compounds with
protected nucleophilic warheads (3-23 - 3-28) the final ester coupling of these
compounds to 4-iodobenzoic acid (3-8) was all that remained in order to complete the
nucleophile bearing halves of the molecules. These coupling reactions were carried out
using the same DIC, HOBt and DIPEA catalyzed coupling conditions as used for previous
ester couplings to afford the desired protected nucleophile - aryl iodide bearing

molecules (3-41 - 3-46, Scheme 3-11).
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Scheme 3-11: Synthesis of the various protected nucleophile - aryl iodide compounds (3-41 - 3-46).

The penultimate step in the syntheses of the target molecules was the
Sonogashira cross-coupling between the terminal alkyne of the protected carboxylic
acid half of the molecule (3-11) and the aryl iodide of the various protected nucleophiles
of the other half of the molecule, see Scheme 3-12. These reactions were carried out
using the conditions discussed previously for the coupling of TMS-acetylene to 6-[(3-
methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-iodobenzoate (Scheme 3-6) to yield the six fully
protected full length molecules (3-47 - 3-52).
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Scheme 3-12: Synthesis of the fully protected full length thioester containing molecules 3-47 - 3-52.

The final step of the syntheses involved the deprotection of the two termini to
yield the final compounds for study. For the t-Boc protected amine terminated
molecules the initial strategy for the deprotection was to first remove the prenyl group
from the carboxylic acid using TMS-OTf and then to deprotect the t-Boc protecting
group with trifluoroacetic acid in dichloromethane. Fortunately, the TMS-OTf
deprotection conditions resulted in both the removal of the prenyl as well as the t-Boc
protecting groups from the molecule to yield the final amine terminated compounds of

varying length (3-53 - 3-56, Scheme 3-13).
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Scheme 3-13: Deprotection reactions for the four t-Boc protected amine - prenyl protected carboxylic
acid molecules (3-47 - 3-50) to afford the final deprotected amine terminated compounds (3-53 - 3-56)

The final deprotection conditions attempted for the compound with the TBDMS
protected alcohol and four carbon linker to the thioester, 3-51, were identical to those
used for the t-Boc protected amine. Unfortunately, although as expected based on
previous reactions carried out in the Fyles lab these conditions resulted in the
deprotection of both the prenyl as well as the TBDMS protecting groups, the compound
isolated from solution was not the carboxylic acid - alcohol, 3-57 but instead the

truncated molecule 3-71; Scheme 3-14.
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Scheme 3-14: Attempted deprotection of the TBDMS protected alcohol - prenyl protected carboxylic acid
3-51 to afford the final alcohol terminated compound 3-57 instead resulting in the production of the
truncated compound 3-71.

Although a disappointing result in that the desired product was not obtained, it

at least indicated that the intramolecular cyclization truncation reaction was an

effective mechanism for dissipative assembly.
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The THP protected alcohol - prenyl protected carboxylic acid compound 3-52
however required two separate deprotection steps, shown in Scheme 3-15. The first
was the deprotection of the THP group using a treatment with p-toluenesulfonic acid in
a mixed nine to one dichloromethane methanol solvent system to afford the free
alcohol 3-58. The final step was the deprotection of the prenyl protecting group which
was once again accomplished using TMS-OTf to afford the final alcohol terminated

molecule 3-59.
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Scheme 3-15: Two step deprotection strategy used to first remove the THP protecting group from
compound 3-52 to generate the alcohol - prenyl protected carboxylic acid 3-58 followed by the removal of
the prenyl group from this compound to afford the final alcohol - carboxylic acid compound 3-59.

All compounds were further purified by HPLC as required to ensure only samples

of highest purity were used for the various assays.



For convenience a summary table of the full length compounds is provided

below with associated compound numbers and naming conventions used in this

document.

Table 3-1: Summary of synthesized compounds with associated numbers and naming conventions.
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Compound # / Name

Structure

3-53
"00C-Hex-ADip-Oct-S-But-NH;"

3-54
"00C-Hex-ADip-Oct-S-Pent-NH;"

3-55
"00C-Hex-ADip-Oct-S-Hex-NH;"
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Compound # / Name

Structure

3-56
"00C-Hex-ADip-Oct-S-Oct-NHs"

3-57
HOOC-Hex-ADip-Oct-S-But-OH

3-59
HOOC-Hex-ADip-Oct-S-Hex-OH

3.7

Vesicle Based HPTS Studies

With the final compounds in hand focus could turn to the analysis of their

transport activity. As discussed previously the experiment of choice to study the

changes in transport activity of the compounds before and after truncation was the

vesicle based HPTS assay. As an experiment that studies the bulk properties of a

population of channels, the HPTS assay allows for the rapid determination of effective
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transport rates which is not possible with the single channel observations made with the

bilayer clamp assay.

The activity assessment of each newly synthesized compound was carried out
according to standard Fyles’ laboratory procedures (see Experimental) with the
maximum concentration of each compound dictated by the highest concentration
attainable in the vesicle solution before turbidity was observed indicating that the
solubility limit of the compound had been achieved. The observed activities for the
compounds are presented in Figure 3-6 below as well as a comparison to the lead

compound HOOC-Hex-Dip-Hex-Hex-OH (3-1).
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Figure 3-6: Graphs summarizing A) the experimental transport activity observed in the HPTS assay versus
concentration for the synthesized compounds tested with the activity of the lead compound included for
reference, and B) an expansion of graph A focusing on the activity of the synthesized compounds for
clarity.
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As can be observed from the data, contrary to predictions, the activity of all
synthesized compounds was significantly lower than that observed for the lead
compound. For example, the most active of the newly synthesized compounds, ‘O0C-
Hex-ADip-Oct-S-Hex-NH;" (3-55), is approximately 45 fold less active than the lead
compound (3-1) at an equivalent concentration of 15 uM. Unfortunately the low
activity observed meant that using the HPTS vesicle assay to assess the changes in
activity of the compound was not practical. Although many of the overall characteristics
of the new molecules were designed to closely mimic those of the lead compound it was
clear that one or more of the modifications made had a great impact on the overall

transport activity.

3.8 Fluorescence Based Assay of Compound Partitioning

One potential reason for the poor observed transport activity was that the newly
synthesized compounds were not effectively partitioning into the bilayer membrane as
expected. As previously reported for the lead compound, the diphenylacetylene moiety

127,1 131 .
130,131 1y aqueous solution

exhibits environment sensitive fluorescence properties
the compound existed as an aggregate and exhibited excimer-like emission at
approximately 380 nm. In less polar solvents where the compound was well dissolved,
the monomer was the dominant emissive species with maximal emission at
approximately 320 nm. Therefore it was possible to observe a change from aggregate
emission to monomer emission upon partitioning of the compound into the non-polar
membrane environment. Furthermore it was shown that after partitioning into the
bilayer as a monomer the excimer emission began to increase again over time
suggesting the formation of a new membrane bound aggregate. It was for this reason

that the diphenylacetylene portion was retained for the newly synthesized compounds,

although in a somewhat modified form.

The first step in carrying out the partitioning studies was to determine baseline
fluorescence spectra for equimolar solutions of a representative compound in both a

relatively non-polar organic solvent and a more polar aqueous solvent so that changes
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to the fluorescence spectra of the ADip fluorophore upon addition of the vesicle
solution could be properly interpreted. The representative compound chosen was -
0O0C-Hex-ADip-Oct-S-But-NHs" (3-53). The organic solvent chosen was acetonitrile while
the aqueous solvent was the 0.1M NaCl, 0.01M NazPOQg4, pH 6.4 external buffer solution
used for the HPTS assay. The two spectra obtained showed the same wavelength of
maximal excitation at 324 nm but marked differences in both fluorescence intensity as
well as the wavelength of maximal emission as presented in Figure 3-7 below. The
organic solution showed approximately thirty-fold higher emission intensity with
maximal emission at 348 nm as compared to the maximum emission at 402 nm for the

compound in aqueous solution.
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Figure 3-7: A) Excitation and emission spectra of 62 uM solutions of OOC-Hex-ADip-Oct-But-NH;" (3-53)
in acetonitrile and water and B) a vertical expansion of the first spectra in order to better show the
spectra of the aqueous solution.

The observed red shift in the emission spectra is suggestive of excimer like
emission which arises from an excited state complex. Excimer emission has been shown

to occur for diphenylacetylene and structurally related chromophores such as the Dip
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moiety found in the lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1) 2% %, The
decrease in fluorescence intensity was hypothesized to be due to the formation of
aqueous aggregates which eventually precipitated from solution due to the poor
solubility of the compound in water. The observed excimer like emission was also
indicative of aqueous aggregation as pre-aggregation would enhance the observation of

this type of emission.

The next experiment carried out was to observe the evolution of the fluorescence
emission spectra of a buffered aqueous solution of the compounds upon the addition of
a sample of vesicles containing the same buffered solution. Data for the compounds -
0O0C-Hex-ADip-Oct-S-But-NH3" (3-53) and "O0C-Hex-ADip-Oct-S-Oct-NHs" (3-56) are
presented below in Figure 3-8 as representatives of the types of behavior observed in
this assay. Other compounds tested showed behaviors intermediate to those of these

two compounds.
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Figure 3-8: Top panel: time lapsed emission spectra spanning a one hour period after introduction of
vesicles of 16 pM solutions in aqueous buffer of A) OOC-Hex-ADip-Octi-S-But-NH;" (3-53) and B) ‘00C-
Hex-ADip-Oct-S-Oct-NH," (3-56) excited at 324 nm. Spectra are coloured from dark blue (time = 0 min)
through intermediate shades to dark red (time = 60 min). Bottom panel: corresponding graphs of the
changes in key emission wavelengths for the data presented in the top panel.

As can be seen from both sets of time lapsed spectra there are marked changes
in the emission profiles of both compounds upon the addition of the solution of vesicles.
The fact that the spectra change is indicative of the environment sensitive ADip
fluorophore moving from one environment to another; most likely the partitioning of
the compounds into the bilayer membrane. This evidence suggests that the successful
partitioning of the compounds into the bilayer has been achieved and is therefore an

unlikely reason for the poor activity observed for this series of compounds. More
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interesting were the differences in the changes observed for each compound and the

interpretations made from these observations.

The "O0C-Hex-ADip-Oct-S-But-NH;" (3-53) compound initially shows relatively
high emission intensity at approximately 350 nm which was attributed to emission from
the monomeric form of the compound and very low emission from the approximately
400 nm which was attributed to excimer like emission from an aggregated species. Over
time the higher energy emission from the monomer was seen to initially exhibit a very
modest increase in intensity before a more marked decrease. On the other hand the
lower energy excimer emission was seen to increase steadily before reaching some
maximal value at which point no further increase was observed. Together these
observations were interpreted as follows; the monomeric form of the compound
partitioned rapidly into the bilayer membrane of the vesicles (emission at approximately
340 nm) and once this partitioning had occurred the monomers were then able to
diffuse within the bilayer membrane to form membrane bound aggregates (emission at
approximately 400 nm), this aggregation resulting in the gradual decrease in membrane
associated monomer concentration and therefore the concomitant decrease in
fluorescence emission from 340 nm. This type of behavior was similar to that previously

observed for the lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1).

The compound "O0C-Hex-ADip-Oct-S-Oct-NH;" (3-56) showed markedly different
behavior in the assay. Initially this compound showed essentially no emission
attributable to the monomeric form at approximately 350 nm but relatively high
emission at approximately 400 nm which was attributed to excimer like emission from
an aggregate form of the compound. Over time both the emission at approximately 350
nm, from the monomeric compound, as well as the emission at approximately 400 nm,
due to the aggregate form of the compound, were observed to increase gradually
before reaching a maximal emission. These observations were interpreted as the
partitioning of the aggregate with poor aqueous solubility from the buffer into the non-

polar bilayer environment where the improved solubility of the compound allowed for
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the dissociation of the membrane associated aggregate into membrane associated
monomers until an equilibrium concentration of each was achieved and the observed
emission profile was seen to stabilize. The differences in the observed partitioning
behaviours of these two compounds are likely attributable to the differences in their
aqueous solubility. The slightly more soluble “00C-Hex-ADip-Oct-S-But-NHs" (3-53) was
less prone to aggregation and therefore had a non-negligible agueous monomer
concentration so initial partitioning of the compound into the non-polar bilayer
environment as individual monomers was possible. The less soluble "OOC-Hex-ADip-
Oct-S-Oct-NH;" (3-56) compound showed no appreciable aqueous monomer
concentration and therefore initially partitioned into bilayer membrane as an aggregate.
Once in the non-polar environment of the lipid bilayer the loss of the hydrophobic effect
holding the aggregates together resulted in the equilibrium between aggregate and
monomeric forms of the compound to shift towards the monomer resulting in the

observed increase in emission associated with the monomer.

Regardless of the inferred mechanism of partitioning into the bilayer membrane
the observed changes to the fluorescence spectra of the compounds upon the
introduction of vesicles ruled out a lack of partitioning as the reason for the low
transport activity observed. Other possible explanations for the low activity had to be

explored.

3.9 HPLC Studies on the Stabilities of the Full Length Compounds

The possibility still remained that the conditions used in the HPTS assay, namely
the base pulse used to induce the concentration gradient, were sufficient to effect the
truncation reaction to afford the inactive species. Although this was very unlikely since
the pH of the solution used in the HPTS experiment only varies between approximately
6.4 before and 7.4 after the addition of the sodium hydroxide, it seemed a worthwhile

exercise to explore the truncation and thioester exchange reactions a little further.
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One experimental method that allowed for monitoring the changes in
concentration of the full length compound over time was quantitative HPLC. In order to
perform quantitative HPLC studies an appropriate ‘standard’ chromophore which was
unreactive and possessed similar mobility to the full length compounds under the
conditions used for running the samples was required. Rather than trying to find an
existing compound that could act as the standard it was decided to synthesize a new
small molecule that would also incorporate the ADip moiety. This new standard would
also serve the purpose of acting as a UV calibration standard for the ADip chromophore
allowing for the determination of its extinction coefficient. The extinction coefficient
would in turn allow for the accurate determination of the concentrations of all future

solutions of the full length compounds containing the ADip chromophore.

The synthetic target that was decided upon consisted of the ADip chromophore
with symmetrical triethylene glycol monomethyl ether tails attached via ester linkages
(Compound 3-64, Scheme 3-16). These groups were chosen as ethylene glycols are
relatively polar and are known to enhance the solubility **? of compounds in polar
solvents such as water while also being quite inert. The ethylene group directly
between the oxygen of the ester and the oxygen of the nearest ether group of the tail
should also serve to shield any effects on the spectroscopic properties that the
electronegative oxygen atom of the ether could potentially have on the ADip
chromophore. The synthesis of this standard ADip chromophore was carried out
according to Scheme 3-16 using analogous conditions to those discussed previously for

the synthesis of the various target ADip containing thioester compounds.
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With the purified standard in hand the first task was to determine whether it had
similar mobility to the full length oligomers. When running in neat acetonitrile at a flow
rate of 1.5 mL per minute through a non-polar C18 semi-preparative column the full
length oligomers possessing amine termini (Compounds 3-53 - 3-56, Table 3-1) were all
found to have retention times of approximately four minutes; the synthesized standard
(3-64) on the other hand was found to have a retention time of approximately 6.7
minutes under these same conditions. The alcohol terminated compounds (Compounds
3-57 and 3-59, Table 3-1), requiring a slightly faster solvent flow rate of 2.0 mL per
minute were found to have retention times of approximately 8.6 minutes while the
standard eluted at approximately 4.7 minutes. These observations confirmed that the
synthesized compound had appropriate mobility relative to the full length compounds

under the conditions used to act as an HPLC calibration standard.

A UV/Visible spectroscopy calibration curve of the standard compound in
acetonitrile was also obtained (see Appendix 1: Experimental details for spectra). It was
found to have two absorbance maxima at 305 and 323 nm with extinction coefficients
of 43500 and 39400 L-cm™*mol™ respectively. These values corresponded closely to

. 1
literature values reported for structurally related compounds 2.

With the retention times and spectroscopic properties of the standard
compound characterized the HPLC based studies of compound stability were carried
out. Experiments were carried out by purifying small samples of the respective full
length compounds which were then diluted and the concentrations of these determined
from the intensity of their UV/Visible absorbance spectra. To these solutions were
added a known quantity of the standard compound as well as any additional reagents
such as basic catalysts. The mixtures were then analyzed by HPLC at varying time
intervals in order to monitor changes in the ratio of the integration of the peaks due to
the full length compounds versus the standard compound. Some representative data of
the behaviors observed are presented in Figure 3-9 below for the compounds ‘OOC-Hex-

ADip-Oct-S-Hex-NHs " (3-55) and "OOC-Hex-ADip-Oct-S-Hex-OH (3-59).
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Figure 3-9: Graphs of the ratio of the integration of the signals due to the full length compounds 3-55 and
3-59 and the standard ADip chromophore compound (3-64) versus reaction time. The lines are meant to
guide the eye and do not represent fits for the data.

From this graph several features of the reactivity of the compounds are
apparent. Firstly, the amine terminated compound "00C-Hex-ADip-Oct-S-Hex-NH;" (3-
55) showed relatively rapid decomposition with a half-life of approximately two hours as
can be seen from the decrease in the ratio of the integration of the signals due to this
compound and the standard ADip chromophore (3-64) over time. This rate was
however unaffected by the addition of DIPEA as a base. The likely reason for this lack of
rate dependence on base concentration was that the extent of proton transfer from the
terminal ammonium group of the compound to the added DIPEA was insufficient to

allow for the truncation reaction to occur.

In addition under the conditions used the alcohol terminated compound ‘O0C-
Hex-ADip-Oct-S-Hex-OH (3-59) showed no truncation reaction occurring even in the
presence of base, as can be seen from the relatively stable ratio between the integration
of the peaks due to this compound and the standard ADip chromophore (3-64). Again,
the alcohol terminus is in itself a poor nucleophile and the DIPEA base used was likely
too weak to effectively deprotonate it to the alkoxide in order to improve its

nucleophilicity.
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Although it would have been interesting to subject these compounds to harsher
basic treatments in order to observe the effects on the rates of truncation, experimental
limitations prevented this. Firstly, since the compounds studied were best solubilized in
acetonitrile many of the stronger hydroxide bases available were impractical due to
solubility constraints and the potential of clogging the HPLC instrument. In addition the
use of a strong base could lead to the hydrolysis of the ester groups in the full length
molecules as well as in the standard ADip chromophore which would complicate the
HPLC analysis via the generation of other UV absorbing species which would appear in
the chromatogram. A further concern was the unknown stability of the column packing
towards strongly basic conditions. For these reasons it was decided to err on the side of

caution rather than to pursue HPLC based studies using more strongly basic reagents.

Despite the lack of further experimentation the study managed to reinforce the
hypothesis that under neutral pH conditions, such as those usually employed in the
bilayer clamp experiment, the amine terminated compounds undergo a much more
rapid intramolecular cyclization truncation reaction than the corresponding alcohols.
Therefore in order for the alcohol terminated compounds to be effectively truncated
quite basic conditions would need to be employed which may not be compatible with
the lipid vesicles and bilayers commonly used in the Fyles lab. With this information it
seems that future efforts to use the intramolecular cyclization reaction to truncate

compounds should focus on amine terminated compounds.

3.10 Model NMR Studies of Truncation and Thioester Exchange Reactions

In order to gain a better understanding of the intramolecular cyclization
truncation reaction than obtained from the HPLC studies it was decided to try a series of
NMR spectroscopy based experiments. These experiments have the advantage of
allowing the use of more basic conditions than possible for the HPLC studies but the
disadvantage that they require higher quantities of material. In addition to investigating

the intramolecular cyclization truncation reaction it was decided that an exploration of
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the thioester exchange reaction using NMR spectroscopy techniques was also

worthwhile.

Although the full length compounds were already in hand it was decided that it
would be best to use shorter analogs of the nucleophilic terminus and thioester linkage
for the studies for a few different reasons. Firstly, since the NMR experiments require
relatively concentrated solution to obtain quality results it was undesirable to sacrifice
any of the full length compounds which required significant synthetic investments. It
was also desirable to approximate the aqueous conditions present in the transport
assays as closely as possible. Whereas the relatively low aqueous solubilities of the full
length compounds were sufficient for the purposes of the transport assays, the
concentrations required to obtain a useful NMR spectra are far higher. A compound of
significantly lower molecular mass it should be much less prone to aggregation via the
hydrophobic effect and therefore possess higher solubility. In addition by reducing the
overall number of proton signals from the molecule the analysis of the complex mixture

of compounds expected from the reactions was simplified.

To this end a molecular analog consisting of the nucleophilic amine terminus and
thioester linkage of the full length molecule was synthesized. Rather than synthesizing
analogs for all of the compounds of varying length it was decided to initially focus only
on the six carbon long linker between the nucleophilic terminus and the thioester
linkage. The justification for this choice was that it was believed that as a starting point
the cyclization reaction of the six carbon long linker to form the seven membered ring
would be sufficiently slow to allow for the effective monitoring of the process by NMR.
The reaction could also be sped up with an appropriate base as catalyst or by increasing
the temperature in the event that it proved too slow. With respect to the pendant
group on the sulfur side of the thioester linkage the n-propyl group was chosen. This
group was sufficiently short as to minimize interference with other important proton

signals in the NMR spectra and the starting thiol, 1-propanethiol, was a relatively easily
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handled, although exceedingly odiferous, liquid unlike the shorter methanethiol or

ethanethiol.

The synthesis of the amine terminated model compound (3-67), shown in Scheme
3-17, began from the previously prepared 6-[(tert-butoxycarbonyl)amino]hexanoic acid
(3-14). The thioester linkage between this compound and 1-propanethiol was carried
out under the previously developed DIC, HOBt, DIPEA conditions to afford S-propyl 6-
[(tert-butoxycarbonyl)amino]hexanethioate (3-65). The final step in the synthesis was
the removal of the t-Boc protecting group from the amine terminus of the compound.
This was achieved by reaction of the compound in a methanolic solution of hydrochloric
acid. An initial attempt at the work-up of this reaction involved the careful
neutralization of the resulting acidic solution using saturated sodium bicarbonate,
unfortunately the product recovered after this step was the cyclized e-lactam (3-66).
This result proved a mixed blessing. From a synthetic standpoint it was a clear failure as
the desired compound was not obtained, however from the perspective of the viability
of the intramolecular cyclization reaction it suggested that using this strategy for the
truncation process was sound. This minor setback in the synthesis was easily bypassed
by isolating the desired compound as the ammonium chloride salt, 6-oxo-6-
(propylsulfanyl)hexan-1-aminium chloride (3-67), although this would require the
addition of an equivalent of base during any subsequent studies to generate the amine

in situ.



194

0
© NH\/\/\)J\
Z/ Y oK
0 1.5 eq DIC, 1.5 eq HOBt,
3-14 1.5 eq DIPEA, THF
15e
Es/\/
RT, 16hrs
0
© NH\/\/\)J\
>r Y S/\/
O 365 2.0 eq HCl,
97% MeOH RT,
1hr
0
' H N+\/\/\/”\
3 5/\/
3-67
98% NaHCO,,, H,0, 0°C
pH ~7

NH v

3-66

Scheme 3-17: Synthetic scheme for the synthesis of the model compound for NMR based studies, 6-oxo-
6-(propylsulfanyl)hexan-1-aminium chloride (3-67).

With the model compound in hand focus turned to NMR studies of both the
thioester exchange and intramolecular cyclization reactions of this representative amine
terminated compound. In order to investigate the thioester exchange reaction an
appropriate thiol was required to exchange with the 1-propanethiol. Benzyl thiol was
selected as the proton signals from this compound, found primarily in the chemical shift
range associated with the aromatic ring, are minimally interfering with the proton

signals of the thioester compound (3-67). In addition, the chemical shift of the
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methylene between the aromatic ring and the thiol at approximately 2.5 ppm should
shift considerably downfield if successfully exchanged into the thioester as the

electronegative carbonyl will withdraw electron density from the adjacent nuclei.

To perform the experiment equimolar quantities of the ammonium chloride salt
of the thioester compound (3-67) and benzyl thiol were dissolved into deuterated
DMSO. An NMR spectrum of this solution was taken immediately after mixing and then
after a period of approximately 120 minutes. Unsurprisingly neither reaction was
observed to have occurred under these conditions after this period of time. No
intramolecular cyclization reaction was expected since the amine terminus was still
protonated as the ammonium ion and was therefore non-nucleophilic. The thioester
exchange reaction was expected to be very slow if it occurred at all due to the lack of
protic solvent available to aid in solvating the ionic intermediates and facilitating the

proton transfer steps in the reaction mechanism.

To this DMSO solution was added two molar equivalents of sodium deuteroxide
(NaOD) in deuterium oxide (D,0). Two equivalents were added rather than one in order
to both deprotonate the ammonium ion as well as to provide some catalytic base for
the thioester exchange and intramolecular cyclization reactions. NMR experiments
were then run at various time intervals after this addition of base starting after
approximately 30 minutes in order to monitor the progression of the thioester exchange
and intramolecular cyclization reactions. The spectra taken are provided below in a
stacked arrangement (Figure 3-10) as well as the integration data for the most

important signals summarized in the graph below (Figure 3-11).
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Figure 3-10: Time lapsed proton NMR spectra run on a 1:1 stoichiometric mixture of 6-oxo0-6-
(propylsulfanyl)hexan-1-aminium chloride (3-67) and benzyl thiol, focusing on the region between 4.2 and
0.8ppm. The aromatic region did not show diagnostic changes so was omitted from these spectra for

clarity. Times associated with each spectrum are relative to the addition of two equivalents of NaOD to
the solution. Symbols at the top of the stacked spectra correspond to those found in the graph below and

indicate chemical shifts of peaks to which they are assigned.
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Figure 3-11: Graph of the relative integrations of the important signals from the proton NMR versus time.
The structural legend on the left illustrates the protons associated with each chemical shift as well as the
associated symbol used in the graph. Lines provided on the graph are not accurate lines of best fit and
are only intended to help guide the eye.

Several changes were observed in the proton NMR spectrum taken 30 minutes
after the addition of base which indicated that the thioester exchange reaction had
taken place. Among these were the appearance of a new singlet at 4.15 ppm and the
concomitant decrease of the signal at 3.75 ppm. The new signal at 4.15 ppm was due to
the methylene group of the newly formed benzyl thioester while that at 3.75 ppm was
due to the methylene group of the starting benzyl thiol; the downfield shift of the signal
from the thioester relative to the thiol is due to the electron withdrawing nature of the
carbonyl group present in the ester. Other evidence of the successful thioester
exchange reaction was the development of a new triplet at 2.45 ppm as well as the

concomitant decrease in the integration of the triplet at 2.79 ppm. These two signals
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were due to the methylene group a to the sulfur atom in the free propane thiol and the
propylthiolate ester respectively. The behavior of the integration of these signals
relative to each other was indicative of the disappearance of the propylthiolate ester
and the liberation of propanethiol as the thioester exchange reaction replaces the
propylthiolate with the benzylthiolate. From this spectrum it was already clear that the
thioester exchange reaction was very fast under these conditions as the relative
stoichiometry of the two thioester products was near one to one after only thirty
minutes; this result was expected once the system had reached equilibrium between

the two thioesters provided the two compounds had comparable stability.

Another important observation from these signals was the relative integrations
observed between the benzylthiolate ester methylene signal at 4.15 ppm and the
propylthiolate ester methylene signal at 2.79 ppm. If only the thioester exchange
reaction was occurring in this system it would be expected that the total integration of
these two signals should add up to that of the initial integration observed for the
propylthioate ester methylene signal since the generation of the benzylthioate ester
results in the consumption of the propylthioate ester in a one to one stoichiometry. The
sum of the integration of these two signals in the first spectrum taken after the addition
of base was found to be 1.84 proton equivalents versus an initial integration of 2.21
proton equivalents for the propylthiolate ester methylene in the solution before
reaction; a difference of approximately 0.4 proton equivalents. This disparity in
integration can be explained by the occurrence of the other reaction being studied, the
intramolecular cyclization reaction. This reaction results in the generation of e-lactam
and either propanethiol or benzylthiol while consuming the propylthiolate ester and
benzylthiolate ester respectively. If this reaction was occurring the total concentration
of thioesters in the reaction mixture would decrease over time while the concentration
of lactam would increase since the intramolecular cyclization reaction is irreversible due
to the stability of the amide bond of the lactam under these conditions. Further
evidence of the successful intramolecular cyclization reaction is the observation of two

new signals in the NMR spectrum at 3.08 and 2.32 ppm. These signals appear as
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complex multiplets and are due to the two magnetically inequivalent protons on the
methylene a to the nitrogen of the e-lactam. The integration of these two signals add
up to approximately 0.4 proton equivalents in the spectrum taken approximately 30
minutes after the addition of base which accounts for the decrease in the integration
observed for the sum of the methylene signals a to the sulfurs in the two thioester
molecules. The fact that these signals are relatively small after this time is indicative of
the intramolecular cyclization reaction being fairly slow under these conditions in
comparison to the thioester exchange reaction which had more or less reached

equilibrium in the same time.

Monitoring of the reactions by proton NMR continued over the course of several
days. During this time the signals in the proton NMR due to the methylene groups a to
the sulfur of the thioester of both thioester compounds were observed to diminish
while the signals from the inequivalent protons of the methylene group a to the
nitrogen of the lactam as well as the proton signals of the methylenes a to the sulfur of
the free thiols increased. Together these changes revealed the progression of the
intramolecular cyclization reaction of the thioester compounds over time. There is
some error in the relative integration data due to the increasing overlap of many
different proton signals in the complex mixture but in general the trends are indicative

of the time course of the reactions.

Over the course of the experiment other signals of interest were seen to develop
in the proton spectrum. Of particular interest were the small singlets observed between
3.6 and 4.0 ppm. Due to the chemical shifts of these signals they are likely
representative of protons on carbons next to electronegative atoms and the fact that
they are singlets is indicative that they are not coupling to any adjacent protons. One
hypothesis to account for these observed signals is the formation of various disulfide
compounds in the reaction mixture. Disulfides are a commonly observed product of the

134

reaction between two thiols in the presence of oxygen as an oxidant *". Since no effort

was made to conduct the experiment under an inert atmosphere the formation of



200

disulfide compounds is a possibility. In addition it is known that disulfide formation is
catalyzed under basic conditions much like those present in the reaction being studied.
Since there are two different thiols present in the reaction, propane thiol and benzyl
thiol, it is likely that all three possible disulfide compounds, the two symmetrical
disulfides (3-68 and 3-70) as well as the dissymmetric one (3-69), are being formed in
this experiment (Figure 3-12). The singlet nature of the signals suggests that these are
due to the benzylic methylenes of the two benzyl containing disulfide products (3-68
and 3-69). Fortunately, if these signals are indeed due to the disulfides, the reactions
appear to be quite slow relative to the time scale of the transport assays so should have

minimal effect on any observed activities.

@\/S ~ @\/ PN A g
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Figure 3-12: Possible disulfide products formed from the reaction of benzylthiol and propylthiol in the
NMR study.

Concurrent to the proton NMR spectra, carbon spectra were also obtained.
Although the nature of the carbon NMR experiment meant that relative integration data
were of little use and that the decreased sensitivity would likely result in the failure to
observe all expected signals, some confirmatory observations were still possible.
Important regions of the carbon spectra obtained are presented in stacked format in

Figure 3-13 below.
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Figure 3-13: Time lapsed carbon NMR spectra run on a 1:1 stoichiometric mixture of 6-oxo-6-
(propylsulfanyl)hexan-1-aminium chloride(3-67) and benzyl thiol focusing on the downfield regions of the
spectra. Data below 125 ppm were omitted due to the complexity of the region and the lack of diagnostic

signals.

The first carbon spectrum obtained after the addition of the base at +0.71 hours,
although not useful for determining the relative concentrations of species present, did
provide additional proof of the successful thioester exchange reaction. For example, as
compared to the pre-reaction spectrum where only one signal was present at
approximately 198 ppm, there were two signals in this region in the first spectrum taken
after the addition of base. Signals found in this region are characteristic of the carbonyls

found in thioester groups and the presence of two of them indicated that two unique
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thioester containing species were present. In addition, where there were four aromatic
signals between 125 and 145 ppm present for the unreacted mixture of benzyl thiol and
the model thioester (3-67) before the addition of base, after the addition of base there
were eight such signals present. This was indicative of two different species containing
monosubstituted benzene rings as would be the case if both benzyl thiol and the benzyl
thioester compound were both present in solution. There were also many more signals
in the alkyl region of the spectrum (not shown), as these are difficult to assign
unambiguously they served only to indicate that a more complex mixture than just the

benzyl thiol and propylthioate ester was present in solution.

In agreement with the proton NMR spectra, the carbon spectra showed a
gradual loss of the signals due to the carbonyls of the two thioester compounds along
with the concomitant increase in a signal at approximately 177 ppm which was assigned
to the carbonyl of the amide group of the lactam. In addition, by the time the final
spectrum was obtained there were at least twelve aromatic carbon signals observed.
This indicated that at least three species containing monosubstituted benzene rings
were present in solution. This observation provides additional evidence that the
disulfide forming reaction involving benzyl thiol was occurring under these reaction

conditions.

Regardless of the ambiguities in the NMR study regarding the additional species
formed, the principle question of whether the intramolecular cyclization and thioester
exchange reactions were viable mechanisms for the truncation and re-elongation
processes had been validated. In fact the observation that the thioester exchange
reaction was significantly faster than the cyclization reaction raises the possibility of
using this model compound itself as the feedstock for reactivating the truncated version

of the full length molecule.

In addition the rate of formation for the suspected disulfide products in the
model system was also much slower than the thioester exchange reaction. This is

important since once the disulfide is formed recovering the terminal thiol group
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required for thioester exchange would necessitate the addition of a reducing agent

therefore adding unwanted levels of complexity to the system.

A representation of the possible reaction cycles for a system involving the
deactivation by the intramolecular truncation reaction, reactivation by thioester
exchange with a sacrificial feedstock and disulfide formation into compounds acting as

thermodynamic sinks is presented in Figure 3-14 below.
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Figure 3-14: Schematic representation of a possible system for the truncation - re-elongation of the
synthesized compounds based on observations made during the NMR studies of a compound acting as a
model for the nucleophilic terminus and thioester linkage.
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Although the study was carried out in a solvent system quite different from that
of the transport activity assays due to solubility limitations of the reagents, the relative
reactivities observed should translate reasonably well to the aqueous buffers used in
the assays; the presence of a higher concentration of water should increase the rate of

both reactions by facilitating the proton transfer steps in each mechanism.

Based on the relatively slow reaction rate observed for the intramolecular
cyclization reaction even under the more basic conditions used in the NMR study as
compared to the conditions present in the HPTS vesicle assay it seems unlikely that the
truncation of the compound was responsible for the poor transport activity. This left
only some inherent property of the compounds themselves as the culprit for these less
than desirable results. Unfortunately this meant that without fundamental structural
modifications to the compounds the use of this assay for the assessment of changes in
activity between the full length versus truncated molecules was impractical. Despite
this setback the compounds were already in hand so it was well worth the effort to
assess the system further including activity studies using the bilayer clamp assay to

determine if the activity of the compounds could be modulated.

3.11 Bilayer Clamp Based Transport Activity Studies

Given that the vesicle based HPTS assay revealed minimal transport activity for all
of the studied compounds the burden fell upon the bilayer clamp assay to either
confirm or discount the hypothesized changes in activity upon truncation of the full
length compounds. As previously alluded to, it is not uncommon for compounds to
show relatively high activity in one assay over the other due to the differences in the
experimental set up, primarily the lipid compositions of the bilayers in each study.
Although it was less than ideal to rely on single channel observations made with the
bilayer clamp experiment over the bulk observations possible using vesicle based assays

to observe changes in transport activity over time there remained little choice.
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Due to the high sensitivity of the bilayer clamp assay multiple experiments
showing similar activity profiles are required in order to confirm that a particular
observation of ion transport is due to the added compound rather than any potential
contaminant or defect in the bilayer. Conversely it is just as difficult to judge a
compound to be completely inactive; as with any method which detects single species
the axiom ‘the absence of evidence is not evidence of absence’ must be taken to heart.
It was therefore necessary to undertake many separate bilayer clamp experiments in
order to obtain as complete of a picture of the types of activity present for the

compounds as possible.

The first compound studied was ‘OOC-Hex-ADip-Oct-S-Hex-NH3" (3-55) since its
reactivity had been most thoroughly investigated by the NMR and HPLC studies. The
initial experiment was set up using conditions that have commonly shown activity for
the lead oligoester compound (see experimental for details). Fortunately, unlike for the
vesicle based HPTS assay, it was quite common to reliably observe transport activity
from the bilayer clamp experiment. Representative traces of the types of activity
observed for this compound are presented below in Figure 3-15 to Figure 3-17 along
with the summary activity grids in Figure 3-18. Recall that the different classes of
potentially observable activity were assigned an associated colour (green for square
tops, blue for multi-level, yellow for flickers, red for spikes and purple for erratic) which
are then plotted onto a log-log grid of conductance versus open duration with the
intensity of coloration indicating the relative abundance of the observed activities. This
analysis provides a holistic view of the range of activities observed for a particular
channel or group of related channels that is impossible by looking at individual bilayer
clamp experiments. Please refer to the introductory Section 1.4.2 for a more thorough

discussion of the activity grid analysis.
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Figure 3-15: Representative trace of multi-level (blue) type activity for the compound "OOC-Hex-ADip-
Oct-S-Hex-NH;" (3-55). Conditions: diPhyPC bilayer, 250 pM diameter aperture, Ag/AgCl electrodes, KCI
junction solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential
+160 mV.
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Figure 3-16: Representative trace of spiky (red) type activity for the compound "OOC-Hex-ADip-Oct-S-
Hex-NH;" (3-55). Conditions: diPhyPC bilayer, 250 pM diameter aperture, Ag/AgCl electrodes, KCl junction
solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential +150
mV.

Figure 3-17: Representative trace of erratic (purple) type activity for the compound "OOC-Hex-ADip-Oct-
S-Hex-NH;" (3-55). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCI
junction solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential
+150 mV.
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Figure 3-18: Summary activity grids for the compound "OOC-Hex-ADip-Oct-S-Hex-NH," (3-55) showing the
ranges of conductance and open duration for the observed multi-level (blue), spiky (red) and erratic
(purple) transport activities observed.

As can be seen from these traces and activity grids, the compound shows primarily
activity of the multi-level (blue), spiky (red) and erratic (purple) varieties. Interestingly,
regardless of the type of activity the observed conductances were consistently quite
high, in the 300 to 3000 pS range corresponding to single channel diameters of
approximately 0.4 to 1.4 nm based on the Hille equation. The opening durations were
also of moderately long duration (100 ms to 10 s) for the most part with some longer
duration (> several minutes) events also observed. The observation of such large and
long lived transport events seemed at odds with the near total lack of activity seen from
the vesicle based HPTS assay, but as previously discussed the small differences between
the experimental conditions of the two assays can have a marked effect on activity.
These highly conducting channels are very interesting however, as they represent
activity beyond what is typically observed for synthetic ion channels and further study of
this class of molecule could provide some useful findings. Large and long-lived stable
pores could have a number of potential applications such as acting as molecular portals

for the more effective delivery of drugs *°.

Unfortunately no activity of the most easily understood and quantified square top
type was observed; although this type of behavior is by no means the most commonly
observed for synthetic ion channels. This lack of more regular square top activity,

although unfortunate from an analytical standpoint, is not surprising given the structure
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of the compound and by extension the likely nature of the transport active species.
Given the large conductances observed it is impossible to conceive a membrane
associated structure formed from a single OOC-Hex-ADip-Oct-S-Hex-NH;" (3-55)
molecule that could generate a sufficiently large pore. The transport active species
must therefore be generated via the self-assembly of several molecules in order to
afford a structure of sufficient size. In addition the molecule itself possesses no intrinsic
features that can be envisioned as leading to a favored geometry for self-assembly, and
indeed no attempt was made to introduce any specific interactions for self-assembly
into the target molecules. It is therefore likely that the self-assembled superstructure is
held together with weaker, non-specific interactions resulting in a transport active
structure which is relatively disordered and dynamic. This dynamism is antithetic to the
observation of channels with regular square top behavior which require a semi-rigid
pore with a well defined internal diameter. These results are in line with the previously
observed activity of the Dip containing oligoester ion channels such as the lead
compound HOOC-Hex-Dip-Hex-Hex-OH (3-1) '®® as well as ones containing an extended

version of the Dip chromophore *%/.

For comparison of the effects of the two different nucleophilic termini on
transport activity, studies were also carried out on the analogous alcohol terminated
compound ‘O0C-Hex-ADip-Oct-S-Hex-OH (3-59). The experiments were carried out
under as similar conditions as possible to those used for the amine terminated
compound. Representative traces of the types of activity observed for this compound
are presented below in Figure 3-19 to Figure 3-21 along with the summary activity grids

in Figure 3-22.
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Figure 3-19: Representative trace of multi-level (blue) type activity for the compound ‘OOC-Hex-ADip-
Oct-S-Hex-OH (3-59). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCI
junction solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential

+150 mV.
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Figure 3-20: Representative trace of spiky (red) type activity for the compound "OOC-Hex-ADip-Oct-S-
Hex-OH (3-59). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCl junction
solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential +140

mV.
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Figure 3-21: Representative trace of erratic (purple) type activity for the compound ‘OOC-Hex-ADip-Oct-
S-Hex-OH (3-59). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCl
junction solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential

+150 mV.
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Figure 3-22: Summary activity grids for the compound "O0OC-Hex-ADip-Oct-S-Hex-OH (3-59) showing the
ranges of conductance and open duration for the observed multi-level (blue), spiky (red) and erratic
(purple) transport activities observed.

At first glance there are many similarities between the activity of this compound
and the structurally related amine terminated analog 3-55. Both exhibit primarily multi-
level (blue), spiky (red) and erratic (purple) type activity; however, although the
durations of the transport events were only slightly shorter on average, the alcohol
terminated compound showed channels which were significantly less conductive, 30 -
300 pS corresponding to pore diameters of approximately 0.1 to 0.4 nm, than the amine
terminated analog. One possible explanation for this behavior is that while the alcohol
terminated compound is expected to occur in its anionic form under the conditions of
the experiments the amine terminated compound likely exists in its zwitterionic form,
similar to what is observed for naturally occurring amino acids. Based on the high
conductances observed for both compounds it is highly unlikely that the transport active
structures are due to single molecules and are much more likely to be some form of self-
assembled superstructure. Depending on the nature of this assembly the differences in
the ionic properties of the two compounds could have a dramatic effect. For example,
the simplified representations of possible arrangements of the two compounds in the

bilayer membrane are represented in Figure 3-23 below.
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Figure 3-23: Possible arrangements of a small group of molecules of a transport active species; A) the
arrangement of the anionic compound "‘OOC-Hex-ADip-Oct-S-Hex-OH (3-59) and B) the arrangement of
the zwitterionic compound "O0C-Hex-ADip-Oct-S-Hex-NH;" (3-55). The red dashed ovals highlight the
regions of high negative charge density for the grouping of alcohol terminated molecules due to the
accumulation of carboxylate groups while the green dashed ovals show the equivalent regions for the
grouping of ammonium terminated molecules where there is no net charge density due to the opposing
charges of the carboxylate and ammonium groups effectively cancelling each other out.

The Figure above assumes that the transport active structures involve the
arrangement of the compounds within the bilayer such that they span the thickness of
the bilayer as best they can. Assuming that the compounds arrange themselves so as to
minimize repulsive electrostatic interactions between their termini the best
arrangement for both compounds would be to have adjacent molecules arranged in a
head to tail fashion. For ‘'OOC-Hex-ADip-Oct-S-Hex-OH (3-59) this arrangement results
in the buildup of significant negative charge density as an increasing number of
molecules come together to form a larger assembly. This would lead to significant
electrostatic repulsion between the individual molecules in a closely packed assembly
resulting in the destabilization of the overall supramolecular construct. In the case of
00C-Hex-ADip-Oct-S-Hex-NH;" (3-55) however, this arrangement results in the

cancellation of opposite charges between the ionic ammonium and carboxylate termini
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provided an equal distribution of the two arrangements is achieved. The result is that
no additional electrostatic repulsion exists between molecules in a tightly packed

assembly that would act to destabilize it.

This destabilization of assemblies of ‘'O0C-Hex-ADip-Oct-S-Hex-OH (3-59) relative
to those composed of ‘O0C-Hex-ADip-Oct-S-Hex-NHs" (3-55) would have two effects on
the observed activity. Firstly, as an increasing number of molecules came within
proximity to each other to form the assembly the net repulsive electrostatic forces
between the molecules would increase until the point where they would overwhelm
any potential energetic benefit to adding more molecules to the assembly. The effect
would be that the potential overall number of molecules, and by extension the size of
any resulting channel construct, would be smaller than that possible for the ammonium
terminated compound which exhibits significantly less electrostatic repulsion in an
analogous conformation. In short it would be expected that the channels formed from -
OO0C-Hex-ADip-Oct-S-Hex-OH (3-59) would be significantly smaller, and therefore less
conductive, that those formed from "OOC-Hex-ADip-Oct-S-Hex-NH;" (3-55). The second
effect of this decreased stability would be that the overall open duration for the
channels formed would be significantly shorter than for the more stable system. Both
of these interpretations are in fact borne out in the observed activity grids for the
compounds; the alcohol shows both shorter lived as well as lower conductance
transport events. Although the proposed active species cannot be directly observed,
and therefore the proposed structures remain conjecture, the hypothesis that the
activity of the compounds is dependent on their charges seems reasonable. Indeed
previous studies of the activity of Dip containing oligoester ion channels have shown
that the nature of the termini can have a marked effect on the overall transport activity

observed.

Before attempting to effect the in situ intramolecular cyclization reactions that
would result in the truncation of the full length compounds bilayer clamp data for a

pure sample of the thiol terminated truncated compound was desired for comparison.
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Rather than synthesizing the desired thiol terminated compound from scratch it was
decided to obtain this compound via truncation of the already synthesized ‘OOC-Hex-
ADip-Oct-S-But-NH;" (3-53). This shorter compound was chosen as the intramolecular
cyclization reaction to form the five membered lactam occurs more readily than for the
formation of lactams with larger rings. The reaction, shown in Scheme 3-18, was
successfully carried out using a gently heated biphasic system of chloroform and
saturated sodium bicarbonate followed by careful neutralization using hydrochloric acid
to form the desired truncated compound 3-71. The five membered lactam side product

was not isolated from the reaction.
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Scheme 3-18: Synthesis of the thiol terminated compound ‘OOC-Hex-ADip-Oct-SH (3-71) from OOC-Hex-
ADip-Oct-S-But-NH;" (3-53).

Bilayer clamp experiments were carried out on the thiol terminated compound -
OO0C-Hex-ADip-Oct-SH (3-71) under as similar conditions as possible to those used for

the full-length compounds. Representative traces of the types of activity observed for
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this compound (3-71) are presented in Figure 3-24 to Figure 3-26 below along with the

summary activity grids in Figure 3-27.
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Figure 3-24: Representative trace of multi-level (blue) type activity for the compound ‘OOC-Hex-ADip-
Oct-SH (3-71). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCl junction
solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential +150
mV.
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Figure 3-25: Representative trace of spiky (red) type activity for the compound "OOC-Hex-ADip-Oct-SH (3-
71). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCl junction solution
and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential +100 mV.

Figure 3-26: Representative trace of erratic (purple) type activity for the compound ‘OOC-Hex-ADip-Oct-
SH (3-71). Conditions: diPhyPC bilayer, 250 uM diameter aperture, Ag/AgCl electrodes, KCl junction
solution and salt bridges, 1M CsCl with 10mM each of TRIS and HEPES as buffer, applied potential +150
mV.
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Figure 3-27: Summary activity grids for the compound ‘OOC-Hex-ADip-Oct-SH (3-71) showing the ranges
of conductance and open duration for the observed multi-level (blue), spiky (red) and erratic (purple)
transport activities observed.

As can be seen from the bilayer clamp data, despite expectations of reduced or
negligible activity for the truncated compound, much the opposite was observed.
Similarly to the two full length compounds studied the primary types of activity
observed for the truncated thiol terminated compound were also of the multi-level
(blue), spiky (red) and erratic (purple) nature. What was most interesting for this
compound was that the observed durations, often several minutes long, and
conductances, 1000 to 10000 pS corresponding to pore diameters of 0.8 to 2.8 nm,
were longer and larger than those observed for either of the full length compounds (3-
55 and 3-59). Indeed the transport activity seen for this relatively simple compound was
among the highest recorded for any synthetic ion channel. Interestingly the truncated
version of the lead compound, HOOC-Hex-Dip-Hex-OH, which is of similar length and
structure to the thiol terminated compound was previously shown to be significantly
less active than the longer HOOC-Hex-Dip-Hex-Hex-OH (3-1) molecule in both the
bilayer clamp and HPTS assays. Clearly one or more of the structural differences
between the previously reported oligoester ion channels that served as lead compounds

and the current molecules had resulted in dramatic differences in activity.

Although the observed activity for this compound was different from that of

either of the full length compounds, unfortunately it was not sufficiently so to allow for
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the effective monitoring of changes in activity associated with the truncation of the full
length compounds. For every intermediate state of the system between totally full
length compound and totally truncated compound the range of different transport
activities expected was too small to allow for an effective estimate of the relative ratios
of the two species. Nevertheless, the observation of such large and stable pores from
this relatively structurally simple molecule was quite interesting and likely warrants

further examination.

3.12 Conclusions and Future Work: Systems Using Dissipative Assembly

Although the final goal of developing a system for which transport activity could
be modulated via a dissipative assembly process remained elusive there were however

several worthwhile lessons learned from the studies carried out on the current system.

Firstly, it was discovered that what were believed to be relatively minor changes
to the overall structure of the lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1) were in
fact significant enough to more or less completely eliminate all transport activity in the
vesicle based HPTS assay. As this is the assay of choice for the detection of changes in
the activity of reactive compounds over time, the unforeseen impact of these structural
modifications proved especially detrimental and disheartening. However, as has been
seen previously in the Fyles lab and others seemingly small structural changes can result
in drastic changes to activity. As of yet no reliable link has been established between
structure and activity for compounds showing transport activity; the compounds
synthesized for this body of work have only made the relationship between the two

even more opaque.

On the positive side were the experimental results from the trial NMR and HPLC
studies on the viability of using both intramolecular cyclization and thioester exchange
reactions for the truncation and re-elongation processes for future dissipative
assembling systems. Both reactions were seen to be effective at providing the desired

products and to occur over time periods appropriate for the investigation of transport
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activity using both the vesicle based HPTS assay and the bilayer clamp assay under the

conditions studied.

Furthermore, evidence of the disulfide bond forming reaction between thiols
may prove to be an interesting avenue to explore as a potential thermodynamic sink for

permanently sequestering a compound into an unreactive, transport inactive state.

Finally, even though the bilayer clamp assay failed to be an appropriate method
for distinguishing between the activity of full length versus truncated compounds, the
discovery that the short thiol terminated compound "OOC-Hex-ADip-Oct-SH (3-71)
generated such long lived and highly conducting events (Figure 3-27) seems to justify

the exploration of structurally related compounds.

In addition it cannot be overlooked that the major achievement of realizing
transport activity from meta-stable species that exist in the realm beyond the
equilibrium state was accomplished, even if the overall goal of having easily
differentiated activity between different states still remained elusive. Recall that the
approach of obtaining thermodynamically stable transport active structures using
metal-ligand self-assembly did not prove to be inherently superior to the dynamic
system. Perhaps the movement away from these stable species is the key to obtaining

compounds with truly unique and useful properties.

There were many lessons learned from the current research which could be
incorporated into the future development of a system showing ion transport activity
while incorporating elements of dissipative assembly. The successful implementation of
the intramolecular cyclization truncation and thioester exchange re-elongation reactions
towards a system incorporating dissipative assembly with differential ion transport
activity seems tantalizingly close. Clearly the modifications made to the lead compound
for this first run at the system were too drastic since all vesicle transport activity was
lost. Promising future synthetic targets are therefore compounds which are structurally

much more closely related to the lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1)
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which also retain the internal thioester and terminal nucleophilic groups such as those

presented in Figure 3-28 below.

™3
(0]
0] Nu
S
10-n n
(0]
Nu = OH, NH,
n=3-6

Figure 3-28: Proposed structures for potential future ion channel molecules incorporating a dissipative
assembly strategy.

This small library of eight proposed structures are more closely related to the
lead compound HOOC-Hex-Dip-Hex-Hex-OH (3-1) which showed much higher rates of
transport in the vesicle based HPTS assay than any of the current compounds. The
carboxylic acid terminus with the six carbon linker remains in place however the
symmetrical ADip portion has been removed in favour of the original Dip moiety as the
environment sensitive fluorophore. In addition the overall lengths of the newly
proposed compounds are all identical and more closely matched to the lead compound
HOOC-Hex-Dip-Hex-Hex-OH (3-1). This is achieved by synergistically varying the lengths
of the two linkers on either side of the thioester group such as to maintain the overall

length of this portion at twelve carbons.

This library of compounds allows for a multitude of potentially interesting
comparative studies that may provide a better understanding of structure-activity
relationships for this class of compounds en route to discovering the best possible
structure for an ion channel incorporating dissipative assembly resulting in differential

transport activity.
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Firstly, the effect of changing the ester of the lead compound HOOC-Hex-Dip-
Hex-Hex-OH (3-1) to a thioester can be determined by comparing its activity with that of
the compound where n =5 and Nu = OH, HOOC-Hex-Dip-Hex-S-Hex-OH. A complete
loss of transport activity in the HPTS assay associated with a change to the thioester
alone, although a very interesting result, could unfortunately doom the use of such a
modification to an early extinction. If at least some activity was retained a much wider

set of comparative studies would become worthwhile pursuits.

For example, comparison of the members of the set of compounds where the
nucleophilic terminus was maintained as an alcohol but the two linkers on either side of
the thioester varied would provide information on the effect of the relative position of
the thioester in the molecule on the overall transport activity. A similar study could be
carried out for the analogous set of compounds with an amine as the nucleophilic
terminus to see if similar trends in transport activity were observed. The results of such

studies would isolate the importance of the position of the thioester on activity.

Another series of comparisons could be made between the transport activities of
compounds differing in the nature of their nucleophilic termini, either alcohol or amine,
but having the same relative arrangement of linker length on either side of the thioester
linkage. If the set of either the alcohol or amine terminated compounds showed
consistently higher rates of transport than the other set of compounds then this would
provide strong evidence for the importance of the nature of the nucleophilic termini on

transport activity.

From this library of compounds it should also be relatively easy to generate the
corresponding thiol terminated compounds of varying length. With this set of
compounds in hand it would also be possible to compare the relative rates of transport
between the members of this set to determine the effect of overall length for the

truncated compounds.

Combined all of these studies would provide the full length and associated

truncated compounds which exhibited the greatest difference in transport activity and
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therefore the system for which monitoring changes in activity over time due to the

intramolecular cyclization truncation reaction would prove most facile.

In conclusion, even though the current iteration of compounds failed to provide
an easily studied transport active system exhibiting dissipative assembly to afford a
transport inactive state, many of the core features built into these compounds are well

worth retaining in any future designs.
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Appendix 1: Experimental Details

Most chemicals and solvents were used as received from known suppliers. NMR spectra
were recorded on a Bruker AC300 (300 MHz *H and 75 MHz *3C). Chemical shifts are
reported relative to tetramethylsilane in ppm. UV spectra were run on a Cary 5 UV-VIS
spectrometer in a 10 x 10 mm quartz cell. ESI Mass spectra were recorded on a Waters
MicroMass Q-TOF instrument running in both positive and negative ion mode. HPLC was
performed using an HP Series 1100 instrument, with either a Macherey-Nagel
“Nucleosil” RP C18 analytical (4 mm x 250 mm) or a Grace Davison “Alltima” RP C18
semi-prep (10 mm x 150 mm) column. Solvents used (Acetonitrile, MeOH; HPLC-grade,
H,0; Milipore) were filtered through a Milipore sub-micrometre filter before use. HPLC
elution was monitored at various UV wavelengths (typically 254, 280 and 220 nm) and
fluorometrically (AEx = 310, AEm = 330 nm). Fluorescence spectra were run on a PTI QM-

2 instrument at T = 20°C in 10 x 10 mm quartz cells equipped with a micro stir rod.

BILAYER CLAMP ASSAY

A model BC-525A bilayer clamp (Warner Instrument Corp.) was used for planar bilayer
experiments, ClampEx 8 and ClampFit 10 (Axon Instruments) were the software used for
acquisition and analysis, respectively. Cups used were made of polystyrene and had 250
um diameter apertures (Warner Instrument Corp). The lipid used in all cases was
diphytanoyl phosphatidylcholine (diPhyPC) (Avanti Polar lipids). A stock solution of 25
mg/mL lipid in CHCl3 was dried under N; and then re-suspended in 200 uL decane. For
compounds that had to be pre-loaded into the lipid, 0.1 — 1 mol% compound in CHCI3
was added to the lipid mix and then dried down. The electrolytes used were 1 M CsCl in
10 mM HEPES, 10 mM TRIS, pH 7 (unadjusted). The aperture was primed with 0.5-1 uL
of decane/lipid, excess solvent was removed by blowing N, over the aperture. The cup
was then placed into the electrolyte-filled holding cell, consisting of 5 mL and 3 mL
chambers, and salt bridges (KNOs or KCl/Agar) and electrodes (Ag/AgCl) were attached.
Bilayers were formed by brushing on 1- 1.5 pL of the decane/lipid mix over the aperture,

and were monitored for stability, capacitance and resistance for at least 20 minutes
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before test compound was added. Test compounds were added either by injection from
an organic solution (typically no more than 1-10 uL of solution) or by breaking the lipid-
only bilayer and brushing on the compound-preloaded lipid mix. All data were hardware
filtered (8- pole Bessel filter, 1 kHz) and data was collected in a survey mode using the

Gap-free protocol. Bilayers were tested repeatedly for capacitance and resistance. Once

formed, ‘activity’ from pristine bilayers was never observed.

HPTS ASSAY

Vesicle preparation: A chloroform solution of 8:1:1 PC:PA:cholesterol (Avanti Polar
lipids) was dried in vacuo in a pear-shaped flask and then left on the vacuum line
overnight. For compounds that were pre-loaded into the vesicle, a solution of the test
compound of interest was added to the initial CHCI3 lipid solution at 0.1 — 1 mol%, and
then prepared as described. The 50 mg lipid film was hydrated with 1 mL of internal
buffer solution (10 uM HPTS, 10 mM Na3P0,4.12H,0, 100 mM NaCl in deionized H,0, pH
6.4, adjusted with conc. H3PO4). The suspension was frozen under liquid nitrogen and
subsequently thawed at room temperature over ten minutes (3 times). The mixture was
then sonicated in an ice bath for 20 seconds with 2 second pulses (at 50% duty cycle and
20% power output) 3 times, with a 30 s rest between cycles. The unilamellar vesicles
were then left to anneal overnight. The vesicle solution was then sized 19 times through
a 400 nm polycarbonate Nucleopore filter using a LiposoFast membrane extrusion
apparatus (Avestin) (0.5 mL x 2) and purified on a PD-10 Sephadex G-25 column (GE
Healthsystems) using an external buffer solution (10 mM NasPQO,

.12H,0, 100 mM NaCl, pH= 6.4). The first three cloudy drops were discarded but
thereafter the cloudy fraction was collected and diluted to 5.00 mL using the external
buffer solution. A typical preparation of this vesicle stock solution contained 200 +20 nm
diameter vesicles (determined by dynamic light scattering, Brookhaven Instruments,
ZetaPALS particle sizing software) and a lipid concentration of typically 7 mg/mL. The
vesicle solution was stored at 50°C and used within 24 hours of preparation.

Typical experiment: in a typical experiment, 100 pL of the vesicle suspension was added
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to the fluorescence cuvette. 2.00 mL of external buffer (10 mM Na3PO,

.12H,0, 100 mM NaCl, pH= 6.4) and 25 pL of a solution of the compound being tested,
generally in MeOH, was then added. The solution was placed in the fluorimeter and left
to equilibrate, generally 10 minutes. An excitation ratio was started (AEx1= 403 nm,
AEx2= 460 nm, AEm= 510 nm, excitation and emission monochromator bandwiths = 3
nm, Integration 1s, duration 600 s). At t=60 s, 50 pL of a 0.5 M aqueous NaOH solution
was added through the injection port (continuous monitoring, no pause). At t= 540 s,
the experiment was paused and 50 pL of a 0.5% aqueous solution of Triton X-100 was
added. The experiment was then restarted after 30 s of stirring time. The data was

analysed as reported previously.

Synthesis
OH
| x-M 1,0, AcoH | o~
_— o
< 80°C, 16hrs N
N I
0

2-7: 3-hydroxypyridine-N-oxide (380 mg, 4.0 mmol scale): 1.0 equivalents of 3-
hydroxypyridine (2-6) was dissolved into glacial acetic acid, to this solution was added
8.0 equivalents of H,0, as a 30% solution in water in 8 equal portions over the course of
2 hours. The reaction was then stirred vigorously and heated to 80°C for 16 hours. Over
the course of the reaction the solution changed from clear and colourless to a clear pale
yellow. The reaction was monitored by TLC (SiO,, 9:1 EtOAc:MeOH, UV and KMnO,4
used for visualization, Rf = 0.17). The reaction was worked up by first removing the
solvent under vacuum to afford a pale yellow oil, to this oil was added 2 g of solid
Na,COs and Et,0 and the mixture was sonicated for ~20 minutes. The resulting mixture
was then vacuum filtered, the resulting solids were sonicated in methanol and then also
vacuum filtered. The filtrate from the second filtration was then dried under vacuum.
Yield 60% as a white waxy solid. NMR (CD;0D): *H = 7.85 (d, 2H, ) = 8 Hz), 7.36 (t, 1H, J =
8 Hz), 7.04 (d, 1H, J = 8 Hz). ¥C=158.7,132.1, 129.6, 128.0, 119.4.
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1.1: KH,DMF
OH 0°C, 1hr (6]
| 2 | 2
> 11
o 0 o
N \@0\5// N
11 77
: \@\
1.2: RT, 24hrs

2-11: 3-dodecyloxypyridine (475 - 951 mg, 5.0 - 10.0 mmol scale): 1.1 equivalents of
KH were suspended in dry DMF under a stream of N, and cooled to 0°C. To this mixture
was added 1.0 equivalents of 3-hydroxypyridine (2-6) as a 1M solution in dry DMF and
was stirred at 0°C under a stream of N, for 1 hour. At this point 1.1 equivalents of n-
dodecyl p-toluenesulfonate (2-14) were added to the reaction mixture as a 1M solution
in dry DMF. The reaction was the stirred under a stream of N, for 24 hours while
gradually warming to room temperature. The reaction was monitored by TLC (SiO,,
25:25:1 hexanes:Et,0:AcOH, UV and KMnOQ, used for visualization, Rf = 0.48). The
reaction was worked up by first quenching the excess KH by adding 100 mL of H,0. This
mixture was then extracted with Et,O (3x 50mL). The Et,0 extracts were then combined
and washed in order with H,0 and brine before being dried over Na,SO4 and filtered.
The filtrate was dried under vacuum and then purified by silica gel column
chromatography eluting with 0 - 20% Et,0 in hexanes with 3% AcOH. Yields 25 - 89% as
a clear colourless oil. NMR (CDCl5): *H = 8.24 (s, 1H), 8.05 (s, 1H), 7.10 (s, 2H), 3.86 (t,
2H, J= 7Hz), 1.72 (m, 2H), 1.30-1.05 (m, 18H), 0.68 (t, 2H, J= 7Hz). *C=155.4, 142.1,
138.3,123.9,121.1, 68.5, 32.1, 29.8, 29.7, 29.7, 29.6, 29.4, 26.1, 22.9, 14.3.

80°C, 16hrs

o H,0,, AcOH XD 0@/
| X @1/1 | 11

s N
N [
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2-12: 3-dodecyloxypyridine-N-oxide (1.0 g, 3.8 mmol scale): 1.0 equivalent of 3-
dodecyloxypyridine (2-11) was dissolved into glacial acetic acid, to this solution was
added 3.5 equivalents of H,0, as a 30% solution in water in 8 equal portions over the
course of 2 hours. The reaction was then stirred vigorously and heated to 80°C for 16
hours. Over the course of the reaction the solution changed from clear and colourless
to a clear pale yellow. The reaction was monitored by TLC (SiO,, 9:1 Et,0:MeOH, UV
and KMnOy used for visualization, Rf = 0.43). The reaction was worked up by first
evaporating the solvent under vacuum, the resulting yellow oil was then dissolved into
CHClI3, sonicated, dried over Na,SOy, filtered and then dried under vacuum. Yields 79 -
86% as pale yellow crystals. NMR (CDCls): 'H=7.90 (s, 1H), 7.81 (d, 1H, J= 8Hz), 7.15 (t,
1H, J= 8Hz), 6.80 (d, 1H, J= 8Hz), 3.82 (t, 2H, J= 7Hz), 1.85 (m, 2H), 1.40 — 1.10 (m, 18H),
0.78 (t, 2H, J= 7Hz). *C=157.8,132.5,128.3,125.5, 113.7, 69.4, 32.1, 29.8, 29.8, 29.7,
29.6, 29.5, 29.1, 26.0, 22.9, 14.3.

Br Br
- Inz®  NaoH, H,0, MeOH OH
| \l = 3
RT, 30min
“ ’

N

2-20: 4-bromo-3-hydroxypyridine (268 mg, 0.98 mmol scale): 1.0 equivalent of 4-
bromopyridin-3-yl diethylcarbamate (2-18) was dissolved in methanol and to this
solution was added 5.0 equivalents of NaOH as a 2M aqueous solution. The reaction
was then stirred at room temperature for 30 minutes during which time it was
monitored by TLC (SiO,, EtOAc, UV and KMnQ, used for visualization, Rf =0.59). The
reaction was worked up by first neutralizing the solution with 1M HCI and then diluting
the mixture by half with H,0. This diluted solution was then extracted with Et,0 (x5),
the combined organic fractions were then washed with brine, dried over Na,SO,,

filtered and then dried under vacuum. Yield 84% as pale yellow crystals. NMR (d6-
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Acetone): 'H = 8.12 (d, 1H, J= 8Hz), 7.78 (d, 1H, J= 8Hz), 7.31 (s, 1H), 3.15 (s, br, 1H). C
=142.4,139.3,128.9, 119.7.

w40 1.1: sec-BuLi, TMEDA 0
THF, -78°C, 1hr j/

1.2: lodine, RT, 24hrs

2-24: 4-iodopyridin-3-yl diethylcarbamate (1.94 g, 10.0 mmol scale): 1.0 equivalent of
pyridine-3-yl diethylcarbamate (2-17) was dissolved into dry THF at -78°C under a
stream of N,. To this solution was added 1.2 equivalents of TMEDA and then 1.2
equivalents of sec-Buli as a 1.4M solution in dry THF dropwise over a period of 90
minutes. At this time 1.2 equivalents of |, was added slowly while maintaining the
reaction at -78°C under a stream of N,. The reaction was then allowed to stir vigorously
under a stream of N2 while gradually warming to room temperature over a period of 24
hours. The reaction was monitored by TLC (SiO2, 2:3 EtOAc:hexanes, UV and I, used for
visualization, Rf = 0.45). The reaction was worked up by first adding a saturated solution
of NH4Cl in water and then evaporated under vacuum to remove the THF. This aqueous
solution was then extracted with EtOAc (x3) and the combined organic fractions were
washed with water (x2) and brine (x2) before being dried over Na,SO,, filtered and then
dried under vacuum. The resulting crude product was purified by silica gel column
chromatography eluting with 0 - 45% EtOAc in hexanes. Yield 84% as a clear colourless
oil. NMR (CDCls): *H = 8.21 (s, 1H), 7.88 (s, 1H), 7.60 (s, 1H), 3.42-3.15 (m, 4H), 1.35-1.05
(m, 6H). *C=152.4,149.5, 146.7, 144.6, 134.0, 102.4, 42.7, 42.4, 14.5, 13.4. *Note*
This compound spontaneously and quantitatively decomposed under vacuum in the
dark over the period of a few hours to afford the dimer 2-25: AKD2-123-03-08-24-07as a
brick red solid. NMR (CDCl5): *H = 8.98 (d, 2H, J= 8Hz), 8.62 (m, 4H), 8.21 (d, 2H, J= 8Hz),
3.64 —3.15 (m, 8H), 1.34-0.91 (m, 12H). *C = 152.4, 151.6, 150.7, 149.1, 147.1, 141.4,
140.5, 140.4, 139.8, 136.3, 126.6, 120.4, 43.3,43.2,42.8, 14.8, 14.3, 13.3, 13.1.
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-78 > 0°C, 1.5 hrs
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2-34: 3,3’-ditridecyl-4,4’-bipyridine (165 mg, 0.9 mmol scale): To an N, purged round
bottom flask was added dry THF and 2.1 equivalents of i-PrNH2 which was then cooled
to -78°C. To this solution was added with constant stirring 2.1 equivalents of sec-Buli as
a 2M solution in hexanes dropwise ensuring that the temperature of the reaction did
not rise above -78°C. After this addition 1.0 equivalent of 3,3’-dimethyl-4,4’-bipyridine
(2-33) was added to the reaction mixture under a stream of N, while maintaining the
reaction at -78°C at which point the reaction mixture went from cloudy white to dark
inky blue. After 10 minutes 2.1 equivalents of 1-iodododecane was added to the
reaction and the temperature was allowed to rise to 0° at which temperature it was
stirred in the dark for 90 minutes, after which the reaction was allowed to warm to
room temperature and stirred for a further 16 hours. The reaction was monitored by
TLC (SiO,, EtOAc, UV and I, used for visualization, Rf = 0.71). The reaction was worked
up by first drying the reaction mixture under vacuum and the resulting orangey oil was
dissolved into DCM. This organic fraction was then washed with H,O and then brine
before being dried over Na,SO,, filtered and then dried under vacuum. The resulting
crude material was then purified by silica gel column chromatography eluting with O -
90% EtOAc in hexanes. Yield 58% as a waxy white solid. NMR (CDCls): 'H=28.51(s, 2H),
8.39 (s, 2H), 6.95 (d, 2H, J= 8Hz), 2.34 (m, 4H), 1.42-1.05 (m, 44H), 0.75 (t, 6H, J= 7Hz).
B¢ =151.1,147.2, 146.1, 135.4, 123.6, 32.1, 30.8, 30.6, 29.8, 29.7, 29.6, 29.6, 29.5, 29.4,
22.9,14.3.
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2-35: 3,3’-diheptadecyl-4,4’-bipyridine (165 mg, 0.9 mmol scale): To an N, purged
round bottom flask was added dry THF and 2.1 equivalents of i-PrNH2 which was then
cooled to -78°C. To this solution was added with constant stirring 2.1 equivalents of sec-
Buli as a 2M solution in hexanes dropwise ensuring that the temperature of the raction
did not rise above -78°C. After this addition 1.0 equivalent of 3,3’-dimethyl-4,4’-
bipyridine (2-33) was added to the reaction mixture under a stream of N, while
maintaining the reaction at -78°C at which point the reaction mixture went from cloudy
white to dark inky blue. After 10 minutes 2.1 equivalents of 1-bromohexadecane was
added to the reaction and the temperature was allowed to rise to 0° at which
temperature it was stirred in the dark for 90 minutes, after which the reaction was
allowed to warm to room temperature and stirred for a further 16 hours. The reaction
was monitored by TLC (SiO;, 4:1 hexanes:EtOAc, UV and |, used for visualization, Rf =
0.18). The reaction was worked up by first drying the reaction mixture under vacuum
and the resulting orangey oil was dissolved into DCM. This organic fraction was then
washed with H,0 and then brine before being dried over Na,SO,, filtered and then dried
under vacuum. The resulting crude material was then purified by silica gel column
chromatography eluting with 0 - 35% EtOAc in hexanes. Yield 53% as off-white crystals.
NMR (CDCl3): *H = 8.51 (s, 2H), 8.38 (d, 2H, J= 8Hz), 6.92 (d, 2H, J= 8Hz), 2.35 (m, 2H),
2.15 (m, 2H), 1.35-1.05 (m, 60H), 0.76 (t, 6H, J= 7Hz). *C=151.1, 147.2, 146.1, 135.4,
123.7,32.1, 30.8, 30.6, 29.9, 29.9, 29.8, 29.6, 29.5, 29.5, 29.4, 22.9, 14.3.

General procedure for the attempted self-assembly of lipophilic ethylenediamine

palladium(ll) (2-4) with lipophilic 4,4’-bipyridines (2-33, 2-34, 2-35).
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The palladium containing lipophilic corner (2-4) was dissolved into either DMF, THF or
acetonitrile with gentle heating to afford a 1mM solution. The lipophilic 4,4’-bipyridine
molecule (2-33, 2-34 or 2-35) was also dissolved into either THF or acetonitrile, also
under gentle heating if necessary to provide a 1mM solution. Combinations of these
solutions were prepared such that the stoichiometry of the two components was as
close to equal as possible. Some common observations upon mixing the two
components were a minor change in colour to a slightly yellow-beige solution or the
generation of fine gummy precipitates. The resulting mixtures were heated gently in an
attempt to dissolve the components and speed up the coordination which was not
always possible. The solutions were then allowed to cool to room temperature and
then put in area with minimal disturbance in an effort to generate crystals of the

product.

MeOH:H,0, KOH,

0
0] H \ 0
\ /
RT, 16hrs

2-49: (2E)-3-(3-iodophenyl)-1-(pyridine-2-yl)prop-2-en-1-one (1.2 - 4.6 g, 5.0 - 20.0
mmol scale): 1.0 equivalent of m-iodobenzaldehyde (2-45) was finely divided and then
suspended in sufficient 0.85M solution of KOH to provide 1.02 equivalents of base under
an inert N, environment at 0°C. 1.5 equivalents of 2-acetylfuran (2-47) as a 0.62M
solution in anhydrous EtOH was added to the vigorously stirring mixture over a period of
~2 hours while maintaining the temperature at 0°C and under an inert atmosphere.
Once the addition was complete the reaction was then allowed to warm to room
temperature and stirred vigorously for a further 16 hours. During the reaction the

mixture went from a cloudy white suspension to a dark brown solution. The reaction
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was monitored by TLC (SiO;, 3:1 hexanes:EtOAc, UV and vanillin (orange) used for
visualization, Rf = 0.51). The reaction was worked up by first neutralizing the solution
with 1M HCl resulting in a milky off white suspension. This neutralized mixture was
further diluted by a factor of four using H,0 before being extracted several times using
Et,0 until further extracts revealed no further product being extracted. The combined
organic fractions were then washed with H,0 and brine before being dried over Na,SOy,,
filtered and then dried under vacuum. The resulting crude product was purified by silica
gel column chromatography eluting with 0 - 20% EtOAc in hexanes. Yields 31 - 46% as
an off white waxy solid. NMR (CDCl3): *H = 7.99 (m, 1H), 7.73 (m, 2H), 7.66 (m, 1H), 7.57
(d, 1H, J= 8Hz), 7.40 (d, 1H, J= 13Hz), 7.34 (d, 1H, J= 4Hz), 7.14 (t, 1H, J= 8Hz), 6.60 (m,
1H). *c=177.6,153.7, 146.9, 142.3, 139.4, 136.6, 130.7, 128.1, 122.4, 117.7, 112.9,
94.9.

MeOH:H,0, KOH,

)
0 AcOH NH,OAc

(ANH )
\ W/ N,, 120°C, 20hrs

- ol

RT, 16hrs

2-54: 2,6-di(furan-2-yl)-4-(3-iodophenyl)pyridine (0.6 - 1.2 g, 1.9 - 3.7 mmol scale): 1.0
equivalent of (2E)-3-(3-iodophenyl)-1-(pyridine-2-yl)prop-2-en-1-one (2-49) and 1.5
equivalents of 2-acetylfuran (2-47) were dissolved in anhydrous ethanol and transferred
to an addition funnel. This solution was then added dropwise to 1.5 equivalents of KOH
dissolved into enough H,0 to provide a 0.7M solution over the course of ~2 hours at 0°C
under a stream of N,. After the complete addition of the ethanolic solution the reaction
was allowed to come to room temperature and stirred vigorously under an inert
atmosphere for 16 hours. During the reaction the solution went from a clear and

colourless to cloudy white to cloudy yellow and finally to dark brown. The reaction was
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monitored by TLC (SiO,, DCM, UV and vanillin used for visualization) in order to
determine when all of the starting 2-49 had been consumed. At this stage the reaction
mixture was diluted by a factor of five using H,0 and the resulting gooey brown mixture
was extracted with Et,0 several times. The combined organic fractions were then
washed with H,0 and brine before being dried over Na,SO,, filtered and dried under
vacuum to afford a dark brown sticky material. This material was then dissolved into
anhydrous AcOH to which 6.0 equivalents of NH;0Ac were added. This mixture was
then heated to reflux for 20 hours with vigorous stirring. The reaction was monitored
by TLC (Al,O3, 22:1:1 hexanes:DCM:EtOAc, UV used for visualization, Rf = 0.59). After
this time the reaction was worked up by first drying under vacuum in order to remove
as much AcOH as possible. The resulting tar was then treated with Et,0 until no further
dissolution of solids was observed before being vacuum filtered. The vacuum filtrate
was then washed with saturated NaHCOs; (x2) and brine before being dried over MgSQy,
filtered and dried under vacuum to afford a mass of dark orange resinous solid. This
crude product was purified by neutral alumina column chromatography eluting with O -
5% EtOAc in hexanes. Yields 33 - 63% as a pale yellow waxy solid. NMR (CDCl5): *H =
8.08 (t, 1H, J= 1Hz), 7.80 (dq, 1H, J= 8, 1Hz), 7.73 (s, 2H), 7.70 (dq, J= 8, 1Hz), 7.57 (m,
2H), 7.26 (m, 4H), 6.56 (m, 2H). **C = 153.7, 149.9, 148.4, 143.6, 138.2, 136.1, 130.8,
126.5,114.9,112.3, 109.7, 95.3.

N ACOH, .., NH,OAC

< N,, 120°C, 20hrs

Coaal ol

RT, 16hrs

2-55: 6-(furan-2-yl)-4-(3-iodophenyl)-2,2’-bipyridine (0.5 - 1.1 g, 1.5 - 3.4 mmol scale):

1.0 equivalent of (2E)-3-(3-iodophenyl)-1-(pyridine-2-yl)prop-2-en-1-one (2-49) and 1.5
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equivalents of 2-acetylpyridine (2-46) were dissolved in anhydrous ethanol and
transferred to a pressure equilibrating addition funnel. This solution was then added
dropwise to 1.5 equivalents of KOH dissolved into enough H,0 to provide a 0.7M
solution over the course of ~2 hours at 0°C under a stream of N,. After the complete
addition of the ethanolic solution the reaction was allowed to come to room
temperature and stirred vigorously under an inert atmosphere for 16 hours. During the
reaction the solution went from a clear and colourless to cloudy white to cloudy yellow
and finally to dark brown. The reaction was monitored by TLC (SiO,, DCM, UV and
vanillin used for visualization) in order to determine when all of the starting 2-49 had
been consumed. At this stage the reaction mixture was diluted by a factor of five using
H,0 and the resulting gooey brown mixture was extracted with Et,0 several times. The
combined organic fractions were then washed with H,O and brine before being dried
over Na,SO,, filtered and dried under vacuum to afford a dark brown sticky material.
This material was then dissolved into anhydrous AcOH to which 6.0 equivalents of
NH;O0Ac were added. This mixture was then heated to reflux for 20 hours with vigorous
stirring. The reaction was monitored by TLC (Al,03, 22:1:1 hexanes:DCM:EtOAc, UV
used for visualization, Rf = 0.47). After this time the reaction was worked up by first
drying under vacuum in order to remove as much AcOH as possible. The resulting tar
was then treated with Et,0 until no further dissolution of solids was observed before
being vacuum filtered. The vacuum filtrate was then washed with saturated NaHCO3
(x2) and brine before being dried over MgSQ,, filtered and dried under vacuum to afford
a mass of dark orange resinous solid. This crude product was purified by neutral
alumina column chromatography eluting with 0 -10% EtOAc in hexanes. Yields 18 - 69%
as a pale yellow waxy solid. NMR (CDCls): *H = 8.61 (dq, 1H, J= 4, 1Hz), 8.49 (d, 1H, J=
7Hz), 8.40 (s, 1H), 8.05 (t, 1H, J= 1Hz), 7.78 (m, 2H), 7.66 (m, 2H), 7.49 (s, 1H), 7.25 (m,
1H), 7.15 (m, 2H), 6.49 (m, 1H). *C = 156.3, 155.7, 153.8, 149.5, 148.9, 148.5, 143.4,
140.6, 138.0, 137.0, 135.9, 30.6, 126.4, 124.0, 121.5, 117.1, 116.1, 112.1, 109.1, 94.8.
DEPT =148.9, 143.4, 137.9, 136.9, 135.9, 135.7, 130.6, 126.5, 124.0, 121.5, 117.0, 116.2,
112.2,109.1.
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One pot synthesis of 4’-(3-iodophenyl)-2,2’:6’,2"”’-terpyridine (2-51), 2,6-di(furan-2-yl)-
4-(3-iodophenyl)pyridine (2-54) and 6-(furan-2-yl)-4-(3-iodophenyl)-2,2’-bipyridine (2-
55) (1.2-5.8 g, 5.0 - 25.0 mmol scale):

MeOH:H,0, KOH,

| S
) ACOM,, NH,0AC
N N,, 120°C, 20hrs
! \W/
RT, 16hrs

1.0 equivalent of m-iodobenzaldehyde (2-45), 1.25 equivalents of 2-acetylfuran (2-47)
1.1 equivalents of 2-acetylpyridine (2-46) were dissolved in anhydrous ethanol and
transferred to a pressure equilibrating addition funnel purged with N,. This solution was
then added dropwise to 2.5 equivalents of KOH dissolved in water to achieve a 1.0M
solution cooled to 0°Cand under a stream of N, over a period of ~4 hours. After the
addition the reaction was allowed to warm to room temperature and stirred for a

further 16 hours. During this time the reaction went from clear and colourless, to
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cloudy white, to cloudy yellow and finally to dark brown. The reaction was monitored
by TLC (SiO,, DCM, UV and vanillin used for visualization)and was determined to be
complete once the spot due to the p-iodobenzaldehyde (2-45) had disappeared. At this
stage the reaction was diluted by a factor of five using H,0 and the resulting mixture
was extracted with Et,0 until the extraction afforded no further material. The
combined organic fractions were then washed with H,0 and brine before being dried
over MgSQy,, filtered and then dried under high vacuum. The resulting dark brown
resinous solid was then dissolved in glacial AcOH. To this solution was added 6.0
equivalents of NH40Ac at which point the reaction mixture was heated to reflux for 20
hours. The reaction was monitored by TLC (Al,03, 22:1:1 hexanes:DCM:EtOAc, UV used
for visualization, Rf = 0.59 (2-54), 0.47 (2-55), 0.35 (2-51)). After this time the reaction
was worked up by first drying under vacuum in order to remove as much AcOH as
possible. The resulting tar was then treated with Et,0 until no further dissolution of
solids was observed before being vacuum filtered. The vacuum filtrate was then
washed with saturated NaHCOs3 (x2) and brine before being dried over MgSQO,, filtered
and dried under vacuum to afford a mass of dark orange resinous solid. This crude
product was purified by neutral alumina column chromatography eluting with 0 -40%
(1:12 DCM:EtOACc) in hexanes. Combined overall yields based on p-iodobenzaldehyde (2-
45) 35 - 48% with average product ratios of 1.0:2.1:1.6 2-54: 2-55: 2-51.

NMR (CDCls):
2-54: H = see above. 3C = see above.
2-55: 'H = see above. 3C = see above.

2-51: 'H =8.64-8.74 (m, 6H), 8.21 (s, 1H), 7.82 (m, 4H), 7.35 (tq, 2H, J= 7, 1Hz), 7.23(t,
1H, J= 8Hz). *C =155.9, 149.2, 148.7, 140.6, 137.0, 136.8, 136.0, 130.4, 126.9, 124.0,
121.3, 118.7, 94.9.

General procedure for the oxidation of furan containing compounds (2-54, 2-55, 2-58)

to the corresponding carboxylic acids (2-56, 2-57, 2-59):
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To a round bottom flask was added 1.0 equivalent of furan containing compound (2-54,
2-55, 2-58), 6.5 equivalents of KMnO,4 per furan moiety and 5:1 t-BuOH:H,0 as solvent.
The reaction was then heated to reflux for 16 hours. During this time the reaction went
from a deep purple to a thick brown mixture. The reaction was worked up by first hot
vacuum filtering through a bed of celite, rinsing the dark brown solids several times with
hot 1:4 t-BuOH:H,0. The filtrate was then treated with a sodium bisulfate solution until
clear and colourless and then reduced in volume by % under vacuum. The concentrated
solution was then cooled to 4°C for several hours during which time an opalescent while
precipitate formed. This precipitate was isolated by vacuum filtration and then dried
further under high vacuum to afford the final desired compounds. Attempts at
characterizing these products by NMR spectroscopy resulted in poor quality spectra
with very broad signals, these materials were carried through to the TMSE ester forming

reactions without further purification.

N ACOH, .., NH,OAC

< N,, 120°C, 20hrs

Coaal ol

RT, 16hrs

2-58: 6-(furan-2-yl)-4-phenyl-2,2'-bipyridine (1.4 g, 7.0 mmol scale): 1.0 equivalent of
(2E)-1-(furan-2-yl)-3-phenylprop-2-en-1-one (2-76) and 1.5 equivalents of 2-
acetylpyridine (2-46) were dissolved in anhydrous ethanol and transferred to a pressure
equilibrating addition funnel. This solution was then added dropwise to 1.5 equivalents
of KOH dissolved into enough H,0 to provide a 1.0M solution over the course of ~2
hours at 0°C under a stream of N,. After the complete addition of the ethanolic solution
the reaction was allowed to come to room temperature and stirred vigorously under an

inert atmosphere for 16 hours. During the reaction the solution went from a clear and
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colourless to cloudy white to cloudy yellow and finally to dark brown. The reaction was
monitored by TLC (SiO,, DCM, UV and vanillin used for visualization) in order to
determine when all of the starting 2-76 had been consumed. At this stage the reaction
mixture was diluted by a factor of five using H,O and the resulting gooey brown mixture
was extracted with Et,0 several times. The combined organic fractions were then
washed with H,0 and brine before being dried over Na,SO,, filtered and dried under
vacuum to afford a dark brown sticky material. This material was then dissolved into
anhydrous AcOH to which 6.0 equivalents of NH,OAc were added. This mixture was
then heated to reflux for 20 hours with vigorous stirring. The reaction was monitored
by TLC (SiO,, 5:1 hexanes:acetonex, UV used for visualization, Rf = 0.54). After this time
the reaction was worked up by first drying under vacuum in order to remove as much
AcOH as possible. The resulting tar was then treated with Et,0 until no further
dissolution of solids was observed before being vacuum filtered. The vacuum filtrate
was then washed with saturated NaHCO3 (x2) and brine before being dried over MgSQy,,
filtered and dried under vacuum to afford a mass of dark orange resinous solid. This
crude product was purified by neutral alumina column chromatography eluting with O -
50% acetone in hexanes. Yield 64% as an off-white waxy solid. NMR (CDCls): 'H=8.71
(dg, 1H, J=6, 1Hz), 8.59 (m, 2H), 7.97 (m, 1H), 7.85 (m, 3H), 7.58 (m, 1H), 7.34 (tq, 1H, J=
6, 1Hz), 7.25 (d, 1H, J= 6Hz), 6.59 (m, 1H). *C=156.3, 156.2, 150.3, 149.6, 149.1, 143.4,
138.5,137.2,129.2,127.3,124.1,121.7,117.5, 116.5, 112.2, 108.9.

General procedure for the TMSE protection of the carboxylic acid bearing molecules

(2-56, 2-57, 2-59):

To a round bottom flask set up for reflux under a N, atmosphere was added the
carboxylic acid bearing molecule (2-56, 2-57 or 2-59). To this vessel was added 3 mL of
SOCl, and 2 drops of dry DMF. The reaction was then heated to reflux under a stream of
N, and stirred vigorously for 4 hours. During this time the reaction mixture went from
an off-white solid suspension in a clear colourless solution to a pale yellow solution.

After this time the SOCI, was removed under a stream of N, to afford a pale yellow waxy
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solid. This solid was then dissolved in dry DCM while maintaining an inert atmosphere
and to the resulting solution was added 2.0 equivalents of trimethylsilylethanol and 2.2
equivalents of dry pyridine per carboxylic acid group of the starting material. The
reaction was then heated to reflux under a stream of N, and stirred vigorously for 16
hours. The reaction was monitored by TLC and upon completion the reaction was
worked up by first diluting the solution with DCM until doubled in volume. This solution
was then filtered and the filtrate washed in order with saturated NaHCO3 and then brine
before being dried over Na,S0O,, filtered and dried under vacuum. The crude product

was then purified by silica gel column chromatography.

I
L
KMnoO, SOCL, DMF | oS

- - ol

(9:1) -BuOH:H,0 N, 50°C, 4hrs Pyridine
o
60°C, 16hrs 60°C, 16hrs

2-63: trimethylsilylethyl 4-phenyl-2,2’-bipyridine carboxylate (250 - 410 mg, 0.84 - 1.37
mmol scale): TLC conditions - SiO,, 5:1 hexanes:acetone, UV used for visualization, Rf =
0.42. Silica gel column chromatography carried out using 0 - 8% acetone in hexanes.
Yields 50 - 79% of waxy off-white solid. NMR (CDCls): 'H = 8.57(d, 1H, J= 2Hz), 8.70 (dq,
1H, J='5, 1Hz), 8.62 (dq, 1H, J= 8, 1Hz), 7.84 (m, 3H), 7.49 (m, 3H), 7.35 (m, 1H), 4.57 (m,
2H), 1.25 (m, 2H), 0.14 (s, 9H). **C=165.7, 156.9, 155.4, 150.4, 149.3, 148.8, 137.6,
137.3,129.6, 129.5,129.2,124.3,123.1,122.2, 122.0, 64.4, 17.6, -1.2.
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0 o]
| | N
KMnO, —  SOCL,DMF (A~ ST O | AN 0
(9:1) t-BUOH:H_O N2,50°C,4hr;— Pyridine "H ~ \
600(:, 16hrs 600(:, 16hrs Si i
AN

2
/

2-67: di-trimethylsilylethyl 4-(3-iodophenyl)pyridine-2,6-dicarboxylate (150 - 545 mg,
0.36 - 1.32 mmol scale): TLC conditions - SiO,, 9:1 hexanes:acetone, UV used for
visualization, Rf = 0.36. Silica gel column chromatography carried out using 0 - 10%
acetone in hexanes. Yields 12 - 99% of fan like white crystals. NMR (CDCls): 'H= 8143
(s, 2H), 8.07 (t, 1H, J= 1Hz), 7.82 (dq, 1H, J= 8, 1Hz), 7.69 (dq, J= 8, 1Hz), 7.27 (m, 1H),
4.54 (m, 4H), 1.24 (m, 4H), 0.10 (s, 18H). 3C = 164.9, 149.7, 149.2, 138.6, 136.4, 131.0,
126.3,125.6,95.4,65.1, 17.8, -1.3.

|
KMnO, SOCL, DMF A5
(9:1) t-BuOH:H,0  N,, 50°C, 4hrs Pyridine
o
60°C, 16hrs 60°C, 16hrs

2-71: trimethylsilylethyl 4-(3-iodophenyl)-2,2’-bipyridine carboxylate (240 - 650 mg,
0.57 - 1.5 mmol scale): TLC conditions - Al,O3, 3:1 hexanes:EtOAc, UV used for
visualization, Rf = 0.79. Neutral alumina column chromatography carried out using O -
10% EtOAc in hexanes. Yields 43 - 99% of pale yellow oil. NMR (CDCls): 'H=8.82(d,
1H, J= 1Hz), 8.71 (d, 1H, J= 1Hz), 8.62 (d, 1H, J= 8Hz), 8.30 (d, 1H, J= 1Hz), 8.15 (t, 1H, J=
1Hz), 8.56 (td, 1H, J= 8, 1Hz), 7.79 (m, 2H), 7.37 (m, 1H), 7.25 (t, 1H, J= 8Hz), 4.57 (m,
2H), 1.25 (m, 2H), 0.13 (s, 9H). *3C = 165.5, 157.5, 155.3, 149.2, 148.9, 139.8, 138.4,
137.2,136.4,130.9, 126.5, 124.6, 122.8, 122.3,121.7,95.4, 64.2, 18.0, -1.3.
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DMF, Pd(PPh.),, Cul, NE,

ol

N,, Dark, RT, 16hrs

2-65 (155 - 715 mg, 0.36 - 1.64 mmol scale): 1.0 equivalent of 4’-(3-iodophenyl)-
2,2’:6’,2"”-terpyridine (2-51) was dissolved in dry THF. This solution was then purged
with N, and to it was added in order 2.0 equivalents of DIPEA, 0.03 equivalents of
Pd(PPhs)4, 0.06 equivalents of Cul and 2.0 equivalents of trimethylsilyl acetylene. The
reaction was then stirred vigorously at room temperature under and inert atmosphere
in the dark for 16 hours. The reaction was monitored by TLC (Al,03, 22:1:1
hexanes:DCM:EtOAc, UV and vanillin (blue) used for visualization, Rf = 0.37) and
determined to be complete with the disappearance of a spot due to starting material (2-
51). The reaction was worked up by first drying the product under vacuum and then
dissolving the resulting sticky orange solid in Et20. This solution was vacuum filtered
and the filtrate was then washed in order with an aqueous solution of disodium EDTA,
saturated NaHCO; and brine before being dried over Na,SQ,, filtered and then dried
under vacuum. The crude material was then purified using neutral alumina column
chromatography eluting with 0 - 15% (DCM:EtOAc) in hexanes. Yield 82 % as an off
white solid. NMR (CDCl5): *H = 8.71 (dq, 1H, J= 4,1Hz), 8.69 (s, 2H), 8.63 (d, 2H, J= 8Hz),
8.01 (t, 1H, J= 1Hz), 7.83 (m, 2H), 7.54 (dt, 1H, J= 8, 1Hz), 7.43 (t, 1H, J= 8Hz), 7.32 (m,
2H), 0.29 (s, 9H). **C = 156.4, 149.7, 149.1, 139.1, 137.1, 132.4, 130.8, 129.9, 123.9,
121.7,119.1, 105.0, 95.1, 0.6.
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THF, TBAF
RT, 5min

2-66 (202 - 405 mg, 0.5 - 1.0 mmol scale): 1.0 equivalents of 2-65 was dissolved into dry
THF and to this solution was added 1.0 equivalents of TBAF as a 1M solution in THF.
Upon the addition of TBAF the reaction went instantaneously inky blue. The reaction
was monitored by TLC (Al,03, 18:1:1 hexanes:DCM:EtOAc, UV used for visualization, Rf =
0.30) and determined to be complete after 5 minutes. The reaction was worked up by
first treating the reaction with 1 mL of MeOH before being dried under high vacuum.
The resulting pale yellow solution was dried under vacuum and the resulting orange oil
dissolved in DCM. This solution was then washed with H20 and brine before being
dried over Na,SQ,, filtered and dried under vacuum. The crude material was purified by
neutral alumina column chromatography eluting with 0 - 25% (DCM:EtOAc) in hexanes.
Yields 65 - 90% as an off white waxy solid. NMR (CDCl3): 'H=8.73 (m, 4H), 8.67 (d, 2H,
J=8Hz), 8.04 (t, 1H, J= 1Hz), 7.88 (m, 3H), 7.58 (dt, 1H, J= 8, 1Hz), 7.47 (t, 1H, J= 8Hz),
7.35 (m, 2H), 3.15 (s, 1H). **C=155.9, 149.5, 149.3, 138.9, 137.2, 132.8, 131.1, 129.1,
127.9,124.1,132.0,121.4, 119.1, 83.6.
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DMF, Pd(PPh,),, Cul, NEt,
N,, Dark, RT, 16hrs

2-68: di-TMSE protected TERPY-DPA bis ligand (146 - 228 mg, 0.26 - 0.4 mmol scale):
1.0 equivalent of di-trimethylsilylethyl 4-(3-iodophenyl)pyridine-2,6-dicarboxylate (2-
67) was dissolved in dry THF. This solution was then purged with N, and to it was added
in order 2.2 equivalents of DIPEA, 0.03 equivalents of Pd(PPhs)4, 0.06 equivalents of Cul
and 1.1 equivalents of 4'-(3-ethynylphenyl)-2,2':6',2"-terpyridine (2-66). The reaction
was then stirred vigorously at room temperature under and inert atmosphere in the
dark for 16 hours. The reaction was monitored by TLC (Al,O3, 3:1 hexanes: EtOAc, UV
used for visualization, Rf = 0.29) and determined to be complete with the disappearance
of a spot due to the aryl iodide starting material (2-67). The reaction was worked up by
first drying the product under vacuum and then dissolving the resulting sticky orange
solid in EtOAc. This solution was vacuum filtered and the filtrate was then washed in
order with an aqueous solution of disodium EDTA, saturated NaHCO3 and brine before
being dried over MgSQ,, filtered and then dried under vacuum. The crude material was

then purified using neutral alumina column chromatography eluting with 0 - 20%
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acetone in hexanes. Yields 19 - 39 % as pale orange solid. NMR (CDCl3): *H = 8.77 (s,
2H), 8.75 (d, 2H, J= 2Hz), 8.68 (d, 2H, J= 8Hz), 8.53 (s, 2H), 8.13 (s, 1H), 7.97 (s, 1H), 7.89
(m, 3H), 7.69 (m, 3H), 7.54 (m, 2H), 7.37 (m, 2H), 4.54 (m, 4H), 1.25 (m, 4H), 0.10 (s,
18H). 3¢ =165.2, 156.1, 150.2, 149.6, 149.1, 139.0, 137.2, 133.1, 132.2, 130.8, 129.7,
129.3,127.8,127.3,125.3,124.8, 124.6, 123.7, 121.7, 119.1, 90.4, 89.2, 64.6, 60.7, 17.5,
14.4,-1.3.

MeOH,
KMnO, SOCl,, DMF Pyridine

Coaal ol

(9:1) t-BuOH:H,0 N, 50°C, 4hrs  60°C, 16hrs
60°C, 16hrs

2-69: methyl 4-(3-iodophenyl)-2,2'-bipyridine-6-carboxylate (400 mg, 0.94 mmol
scale): To a round bottom flask set up for reflux under a N, atmosphere was added the
4-(3-iodophenyl)-2,2'-bipyridine-6-carboxylic acid (2-57). To this vessel was added 5
mL of SOCI, and 3 drops of dry DMF. The reaction was then heated to reflux under a
stream of N, and stirred vigorously for 4 hours. During this time the reaction mixture
went from an off-white solid suspension in a clear colourless solution to a pale orange
solution. After this time the SOCI, was removed under a stream of N, to afford a pale
yellow waxy solid. This solid was then dissolved in dry MeOH and 2.2 equivalents of dry
pyridine were added. The reaction was then heated to reflux under a stream of N, and
stirred vigorously for 16 hours. The reaction was monitored by TLC (Al,05, 10:1:1
hexanes:DCM:EtOAc, UV used for visualization, Rf = 0.37) and upon completion the
reaction was worked up by first removing the MeOH solvent under vacuum. The
resulting waxy yellow solids were dissolved in DCM and washed with saturated NaHCO;
and brine before being dried over Na,SQ,, filtered and dried under vacuum. The crude
product was then purified by neutral alumina column chromatography eluting with O -

25% (DCM:EtOAc) in hexanes. Yield 88% as a white crystalline solid. NMR (CDCl3): *H =
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8.79 (d, 1H, J= 2Hz), 8.70 (ddq, 1H, J= 2Hz, 2Hz, 5Hz), 8.57 (dt, 1H, J= 2Hz, 8Hz), 8.30 (d,
1H, J= 2Hz), 8.13 (t, 1H, J=2Hz), 7.85 (dt, 1H, J= 2Hz, 8Hz), 7.79 (ddq, 1H, J= 2Hz, 2Hz,
8Hz), 7.75 (ddq, 1H, J= 2Hz, 2Hz, 8Hz), 7.35 (ddd, 1H, J= 2Hz, 5Hz, 8Hz), 7.24 (t, 1H, J=
8Hz), 4.06 (s, 3H). **C=165.9, 157.3, 155.1, 149.3, 149.0, 148.4, 139.7, 138.5, 137.2,
136.2, 130.9, 126.6, 124.5, 122.9, 122.0, 121.9, 95.1, 53.1.

H DMF, Pd(PPh ) Cul, r\.IE’[3
N, , Dark, RT, 16hrs
/

\

2-72 (450 mg, 0.90 mmol scale): 1.0 equivalent of trimethylsilylethyl 4-(3-iodophenyl)-
2,2’-bipyridine carboxylate (2-71) was dissolved in dry THF. This solution was then
purged with N, and to it was added in order 3.0 equivalents of DIPEA, 0.05 equivalents
of Pd(PPhs)4, 0.10 equivalents of Cul and 3.0 equivalents of trimethylsilyl acetylene. The
reaction was then stirred vigorously at room temperature under and inert atmosphere
in the dark for 16 hours. The reaction was monitored by TLC (SiO,, 9:1 hexanes:acetone,
UV and vanillin (green) used for visualization, Rf = 0.43) and determined to be complete
with the disappearance of a spot due to starting material (2-71). The reaction was
worked up by first drying the product under vacuum and then dissolving the resulting
sticky orange solid in Et,0. This solution was washed in order with 0.1M citrate buffer
pH~3, saturated NaHCOs, an aqueous solution of disodium EDTA and brine before being
dried over Na,SO,, filtered and then dried under vacuum. The crude material was then
purified using silica gel column chromatography eluting with 0 - 8% acetone in hexanes.
Yield 85 % as an off white waxy solid. NMR (CDCls): *H = 8.84 (d, 1H, J= 2Hz), 8.71 (dq,
1H, J= 4, 1Hz), 8.62 (d, 1H, J= 8Hz), 8.34 (d, 1H, J= 2Hz), 7.92 (t, 1H, J= 1Hz), 7.84 (td, 1H,
J=8, 1Hz), 7.75 (dq, 1H, J= 8, 1Hz), 7.56 (dq, 1H, J= 8, 1Hz), 7.45 (t, 1H, J= 8Hz), 7.36 (m,
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1H), 4.56 (m, 2H), 1.26 (m, 2H), 0.28 (s, 9H), 0.12 (s, 9H). *3C = 165.6, 157.0, 155.4,
149.7,149.3, 148.6, 137.7, 137.1, 132.9, 131.0, 129.4, 127.3, 124.3, 122.8, 122.3, 121.9,
104.9, 95.4, 64.6, 17.6, 0.1, -1.1.

2:1 DCM:MeOH, KOH

RT, 1hr

2-73: methyl 4-(3-ethynylphenyl)-2,2'-bipyridine-6-carboxylate (320 mg, 0.68 mmol
scale): 1.0 equivalent of 2-72 was dissolved into a 2:1 mixture of dry DCM:MeOH to
which was added 1.0 equivalent of solid KOH. The reaction was stirred vigorously at
room temperature while monitoring by TLC (SiO,, 2:1 hexanes:acetone, UV and vanillin
(teal) used for visualization, Rf = 0.46) by which it was observed that the reaction was
complete after 1 hour with the clear spot to spot conversion of starting material to
product. The reaction was worked up by first neutralizing the reaction by adding 1.0
equivalents of concentrated HCl and then removing the solvent under vacuum. The
resulting solid was then treated with DCM and filtered to remove the precipitated salts.
The filtrate was then dried under vacuum. Yield 98% as a white solid. NMR (CDCls): *H =
8.86 (d, 1H, J= 2Hz), 8.71 (dq, 1H, J= 4, 1Hz), 8.59 (d, 1H, J= 8Hz), 8.36 (d, 1H, J= 2Hz),
7.95 (t, 1H, J= 1Hz), 7.84 (td, 1H, J= 8, 1Hz), 7.75 (dq, 1H, J= 8, 1Hz), 7.56 (dq, 1H, J=8,
1Hz), 7.45 (t, 1H, J= 8Hz), 7.36 (m, 1H), 4.56 (m, 2H), 4.06 (s, 3H), 3.15 (s, 1H). *C =
155.3, 149.7, 149.2, 148.6, 137.9, 137.2, 133.2, 130.8, 129.4, 124.6, 123.4, 123.0, 122.1,
83.3,78.3,53.3.
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Cl) Ho" NN
K,CO,

35°C, 16hrs

N
2-74 (190 mg, 0.60 mmol scale): 1.0 equivalent of methyl 4-(3-ethynylphenyl)-2,2'-
bipyridine-6-carboxylate (2-73) was suspended in 3 mL of trimethylsilylethanol and to
this mixture was added 2.0 equivalents of finely powdered K,CO3. The reaction mixture
was then stirred at 35°C for 16 hours while monitoring by TLC (SiO,, 4:1
hexanes:acetone, UV and vanillin (teal) used for visualization, Rf = 0.32). The reaction
was worked up by first diluting the reaction x10 using Et,0O. This solution was then
washed with H,0 and then brine followed by drying over Na,SOy, filtering and drying
under vacuum. The crude product was purified by silica gel column chromatography
eluted with 0 - 10% acetone in hexanes. Yield 79% as a white waxy solid. NMR (CDClz):
'H = 8.87 (s, 1H), 8.71 (s, 1H), 8.62 (d, 1H, J= 8Hz), 8.34 (s, 1H), 7.95 (s, 1H), 7.87 (t, 1H,
J=8Hz), 7.79 (dt, 1H, J= 8, 1Hz), 7.59 (dt, 1H, J= 8, 1Hz), 7.47 (t, 1H, J= 8Hz), 7.36 (m, 1H),
4.57 (m, 2H), 3.16 (s, 1H), 1.05 (m, 2H), 0.07 (s, 9H). *C = 157.0, 155.3, 149.6, 149.1,
148.8,138.1, 137.4, 133.3, 133.0, 130.8, 129.3, 127.7, 124.4, 123.3, 83.3, 78.2, 64.5,
17.8,0.9.
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DMF, Pd(PPh,),, Cul, NEt,
N,, Dark, RT, 16hrs

—Si
/N
2-75: di-TMSE protected BIPYA-BIPYA bis ligand (200 mg, 0.50 mmol scale): 1.1
equivalent of trimethylsilylethyl 4-(3-iodophenyl)-2,2’-bipyridine carboxylate (2-71)
was dissolved in dry THF. This solution was then purged with N, and to it was added in
order 2.2 equivalents of DIPEA, 0.05 equivalents of Pd(PPhs),, 0.10 equivalents of Cul
and 1.0 equivalents of (2-74). The reaction was then stirred vigorously at room
temperature under and inert atmosphere in the dark for 16 hours. The reaction was
monitored by TLC (Al,03, 3:1 hexanes: EtOAc, UV used for visualization, Rf = 0.31) and
determined to be complete with the disappearance of a spot due to the aryl iodide
starting material (2-71). The reaction was worked up by first drying the product under
vacuum and then dissolving the resulting sticky orange solid in EtOAc. This solution was
vacuum filtered and the filtrate was then washed in order with an aqueous solution of
disodium EDTA, saturated NaHCOs and brine before being dried over MgSQ,, filtered
and then dried under vacuum. The crude material was then purified using neutral

alumina column chromatography eluting with 0 - 15% acetone in hexanes. Yield 24 % as
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pale yellow solid. NMR (CDCls): *H =8.73 (s, 2H), 8.63 (d, 2H, J= 8Hz), 8.37 (s, 2H), 7.95
(s, 2H), 7.86 (t, 2H, J= 8Hz), 7.79 (td, 2H, J= 8, 2Hz), 7.60 (td, 2H, J= 8, 1Hz), 7.44 (t, 2H, J=
8Hz), 7.36 (m, 2H), 4.57 (m, 4H), 1.25 (m, 4H), 0.09 (s, 9H). **C = 157.3, 155.3, 149.7,
149.0, 148.7, 138.2, 137.4, 133.4, 133.1, 130.8, 129.1, 127.7, 124.5, 123.1, 89.1, 64.4,
17.9,-0.4.

General procedure for the attempted one pot deprotection self-assembly of the di-
TMSE protected bis-tridentate ligands (2-68, 2-71) with transition metal fluoride salts

in the +2 oxidaiton state.

1mM solutions of the bis-tridentate ligands were prepared in a variety of solvents
(DMSO, DMF, THF, acetonitrile) as well as 1mM solutions of the fluoride salts CoF,, NiF,
and ZnF, in deionized water. Trials were carried out using equal volumes of the
equimolar solutions of ligand and metal salt by first mixing the solutions while agitating
and gently warming (40°C) in an ultrasonic bath. Upon mixing many of the mixtures
resulted in visible colour changes and in some instances the evolution of turbidity in the
system. The solutions were then heated to reflux for a period of 1 to 48 hours at which
time they were allowed to cool. Any solids formed upon cooling were removed by
vacuum filtration and the filtrates analyzed by ESI-MS. Attempts were made at
resuspending the solids into various solvents with and without heating, those producing

solutions were also analyzed be ESI-MS.

General procedure for the attempted two step deprotection and self-assembly of the
di-TMSE protected bis-tridentate ligands (2-68, 2-71) with non-fluoride containing

transition metal salts in the +2 oxidaiton state.

1mM solutions of the bis-tridentate ligands were prepared in THF and to these were
added 2.0 equivalents of TBAF in THF. The resulting deeply coloured solutions were
treated with 2.0 equivalents of AcOH resulting in return in the colour of the solutions to
a pale yellow. In addition 1mM solutions of the transition metal salts FeCl,, CUNO,,

MnCl, and CdCl, were prepared in deionized water. Trials were carried out using equal
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volumes of the equimolar solutions of ligand and metal salt by first mixing the solutions
while agitating and gently warming (40°C) in an ultrasonic bath. Upon mixing many of
the mixtures resulted in visible colour changes and in some instances the evolution of
turbidity in the system. The solutions were then heated to reflux for a period of 1 to 48
hours at which time they were allowed to cool. Any solids formed upon cooling were
removed by vacuum filtration and the filtrates analyzed by ESI-MS. Attempts were
made at resuspending the solids into various solvents with and without heating, those

producing solutions were also analyzed be ESI-MS.

DIC, HOBt, DIPEA, THF

(9]
T O
Tr\/\/\OH —— 2 \Er\/\/\o
|

o
3-9: 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-iodobenzoate (1.0 -2.0 g, 5.0 - 10.0
mmol scale): 1.4 equivalents of 4-iodobenzoic acid (3-8), 1.4 equivalents of HOBt was
dissolved into dry THF to which was added in order 1.4 equivalents of HOBt, 1.4
equivalents of DIC, 1.0 equivalent of 3-methylbut-2-en-1-yl 6-hydroxyhexanoate (3-7)
and 2.8 equivalents of DIPEA. The reaction was then stirred vigorously at room
temperature for 16 hours monitoring by TLC (SiO,, 2:1 hexanes:Et,0, UV and vanillin
(blue) used for visualization, R¢ = 0.54). In the beginning the reaction mixture was clear
and colourless but over time a white precipitate was observed to form in the now pale
yellow solution. The reaction was worked up by first filtering the reaction mixture
through celite and then evaporating the filtrate under vacuum. The resulting light
brown oil was dissolved into Et,0 and this resulting solution was washed in order with
water, saturated bicarb solution and brine. The organic fraction was dried over Na,;SO,,
filtered and then dried under vacuum. The resulting oil was purified by silica gel column

chromatography eluting with 0 - 10% Et,0 in hexanes. Yields 83 - 90% as a pale yellow
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oil. NMR (CDCls): *H = 7.76 (m, 4H), 5.32 (m, 1H), 4.56 (d, 2H, J= 6Hz), 4.29 (t, 2H, J=
7Hz), 2.32 (t, 2H, J= 7Hz), 1.79-1.65 (m, 11H), 1.42 (m, 2H). C=173.6, 166.2, 139.2,
137.8,131.1, 129.9, 118.7, 100.7, 65.2, 61.4, 34.3, 28.5, 25.9, 25.7, 24.8, 18.1.

\CY\MA@

THF, NEt;, Cul, Pd( PPh
H——§j—

RT, N,, Dark, 16 hrs

\E/OWO

3-10: 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-(trimethylsilylethynyl)benzoate (1.0
-2.3g,2.15- 5.0 mmol scale): 1.0 equivalent of 6-[(3-methylbut-2-en-1-yl)oxy]-6-
oxohexyl 4-iodobenzoate (3-9) was dissolved into dry THF, this solution was then
degassed and purged with N,. To this solution was added in order 4.0 equivalents of
NEts, 0.06 equivalents of Cul, 0.03 equivalents of Pd(PPhs)4 and 2.0 equivalents of TMS-
acetylene. The reaction mixture, a pale yellow solution, was stirred for 16 hours under
an atmosphere of N, in the dark, monitoring by TLC (SiO,, 5:1 hexanes:Et,0, UV and
vanillin (teal) used for visualization, Rf = 0.38). Upon completion the reaction mixture
appeared as a dark yellow solution with dark orange precipitate. The reaction was
worked up by first filtering the reaction mixture through celite and then evaporating the
filtrate under vacuum. The resulting yellow semi-solid was then dissolved into Et,0.
This solution was then washed in order with disodium EDTA solution, water, 1M sodium
phosphate buffer pH 3 and brine. The organic fraction was dried over Na,SO,, filtered

and then dried under vacuum. The resulting yellow oil was purified by silica gel column
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chromatography eluting with 0 - 10% Et,0 in hexanes. Yields 91 - 93% as a yellow oil.
NMR (CDCls): *H = 7.94 (d, 2H, J= 8Hz), 7.50 (d, 2H, J= 8Hz), 5.32 (m, 1H), 4.55 (d, 2H, J=
6Hz), 4.29 (t, 2H, J= 7Hz), 2.33 (t, 2H, J= 7Hz), 1.74 (m, 10H), 1.45 (m, 2H), 0.25 (s, 9H).
3¢ =173.6,166.2,139.1, 131.9, 130.1, 129.5, 127.8, 118.9, 97.7, 65.1, 61.5, 34.3, 28.6,
25.9, 25.7,24.8,18.1, 0.03.

\(/OT(\/\/\O ]
0
L/
/SI\

1.1: THF, TBAF, RT, 10 min

1.2:H,0

\(/O\g/\/\/\ojﬁ\

3-11: 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-ethynylbenzoate (1.2 g, 3.0 mmol
scale): 1.0 equivalents of 6-[(3-methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-
(trimethylsilylethynyl)benzoate (3-10) was dissolved into a minimum amount of dry
THF. To this solution was added 1.0 equivalents of a 1.0M solution of TBAF in THF with
vigorous stirring. Upon addition of the TBAF the solution went instantly from a pale
yellow colour to a dark olive brown. The reaction was monitored by TLC (SiO,, 2:1
hexanes:Et,0, UV and vanillin (blue) used for visualization, Rf = 0.53) and found to be
complete after 10 minutes. The reaction was worked up by first treating it with a few
mL of H,0 during which time the solution turned cloudy pale yellow. The THF was
removed from this solution under vacuum to afford a goopy yellow clod in an agueous
solution which was treated with sufficient Et,0 to dissolve the semi-solid resulting in a
two phase mixture. The organic fraction was isolated and the aqueous fraction
extracted with another portion of Et,0 which was combined with the first organic

fraction. The combined organic fraction was then washed with H,O and then brine after
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which time it was dried over Na,S04, filtered and then dried under vacuum. The
resulting yellow oil was then purified using silica gel column chromatography eluting
with 0 - 20% Et,0 in hexanes. Yields 63 - 83% as a pale yellow oil. NMR (CDCls): H=
7.95 (d, 2H, J= 8Hz), 7.52 (d, 2H, J=8Hz), 5.31 (m, 1H), 4.55 (d, 2H, J= 6Hz), 4.28 (t, 2H, J=
7Hz), 3.22 (s, 1H), 2.32 (t, 2H, J= 7Hz), 1.70 (m, 11H), 1.51 (m, 2H). ®c=173.5, 166.0,
139.2,132.2,130.5, 129.5, 126.8, 118.8, 82.9, 80.1, 65.1, 61.4, 34.3, 28.5, 25.9, 25.7,
24.7,18.1.

General procedure for the thioester coupling of 8-sulfanyloctan-1-ol (3-22) with

carboxylic acids with protected nucleophiles (3-12 - 3-15, 3-19 and 3-4):

0
+ Nu
OH 7 pg~ @kOH

n

DIC, HOBt
DIPEA, THF
RT, 16hrs

0
PG/NU(%’lkS/\/\/\/\/OH

n
1.0 equivalent of the carboxylic acid with protected nucleophile (3-12 - 3-15, 3-19 or 3-
4) was dissolved into dry THF and to this solution was added in order 1.0 equivalents of
HOBt, 1.0 equivalent DIC, 1.5 equivalents of 8-sulfanyloctan-1-ol (3-22) and 1.0
equivalents of DIPEA. The solution was stirred vigorously at room temperature and
after ~15 minutes the formation of DIU was observed as an opalescent white
precipitate. The reactions were monitored by TLC chromatography and after 16 hours
the reactions were determined to be complete. The reactions were worked up by first
vacuum filtering to remove the DIU side product. The filtrates were then evaporated
under vacuum to remove the THF and the resulting oils were re-dissolved into Et,0. The
organic solutions were then washed in order with H,0, 1M sodium phosphate buffer

pH~3 and then brine before being dried over Na,SO,, filtered and then evaporated
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under vacuum to remove the organic solvent. The resulting crude oils were then

purified using silica gel column chromatography using appropriate conditions.

Y

0
OYNH%S/\/\/\/\/OH

3-23: tBocHN-4-5-8-OH (813 mg, 4.0 mmol scale): TLC conditions - SiO,, 2:1
hexanes:EtOAc, Hanessian’s stain (dark blue) used for visualization, Rf = 0.19. Silica gel
column chromatography carried out using 0 - 45% EtOAc in hexanes. Yields 34 - 37% of
pale yellow oil. NMR (CDCl3): 'H=4.65 (s, br, 1H), 4.06 (m, 2H), 3.59 (m, 2H), 3.45 (m,
2H), 3.11 (m, 2H), 2.82 (t, 2H, J= 7Hz), 2.55 (t, 2H, J= 7Hz), 1.81 (m, 3H), 1.53 (m, 4H),
1.41 (s, br, 9H), 1.26 (m, 9H). *C =199.3, 171.3, 156.0, 79.9, 66.3, 62.9, 60.5, 41.3, 39.7,
32.7,29.6,29.4,29.1, 28.9, 28.8, 28.5, 26.1, 25.8, 21.2, 15.5, 14.4.

Y

0]
0 NH(%Lk /\/\/\/\/OH
Y S
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3-24: tBocNH-5-5-8-OH (869 mg, 4.0 mmol scale): TLC conditions - SiO,, 1:1
hexanes:EtOAc, Hanessian’s stain (dark blue) used for visualization, Rf = 0.43. Silica gel
column chromatography carried out using O - 40% EtOAc in hexanes. Yield 53% of a
white waxy solid. NMR (CDCls): 'H=4.62 (s, br, 1H), 3.59 (t, 2H, J= 7Hz), 3.08 (m, 2H),
2.80 (t, 2H, J= 7Hz), 2.54 (t, 2H, J= 7Hz), 1.74-1.41 (m, 19H), 1.29 (s, br, 8H). C =199.4,
156.3,79.3,62.9,43.6, 32.7, 29.5, 29.4, 29.3, 29.1, 28.9, 28.8, 28.5, 25.8, 22.8.
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3-25: tBocNH-6-5-8-OH (925 mg, 4.0 mmol scale): TLC conditions - SiO,, 2:1
hexanes:EtOAc, Hanessian’s stain (dark blue) used for visualization, Rf = 0.23. Silica gel
column chromatography carried out using 0 - 40% EtOAc in hexanes. Yield 43% of a
clear colourless oil. NMR (CDCls): *H = 4.56 (s, br, 1H), 3.61 (t, 2H, J= 7Hz), 3.08 (m, 2H),
2.84 (t, 2H, )= 7Hz), 2.52 (t, 2H, J= 7Hz), 1.65-1.24 (m, 30H). **C = 200.0, 156.3, 79.9,
63.0,44.1,40.5,32.9, 29.9, 29.6, 29.3, 29.1, 28.9, 28.8, 28.5, 26.2, 25.8, 25.4, 14.3.

Y

0
OYNH%SN\/\/\/OH

3-26: tBocNH-8-S-8-OH (778 mg, 3.0 mmol scale): TLC conditions - SiO,, 2:1
hexanes:EtOAc, Hanessian’s stain (dark blue) used for visualization, Rf = 0.29. Silica gel
column chromatography carried out using 0 - 40% EtOAc in hexanes. Yield 50% of a
white waxy solid. NMR (CDCls): 'H=455 (s, br, 1H), 3.59 (t, 2H, J= 7Hz), 3.05 (m, 2H),
2.82 (t, 2H, J= 7Hz), 2.49 (t, 2H, J= 7Hz), 1.84 (s, br, 1H), 1.61-1.28 (m, 32H). C = 200.2,
156.1, 79.1, 63.0, 44.2, 40.6, 32.8, 30.1, 29.6, 29.3, 29.1, 28.9, 28.8, 28.7, 28.5, 26.7,
25.7,25.7.

0
>|\5.f0\®u\5 OH
/ |

3-27: TBDMSO-4-S-8-OH (865 mg, 4.0 mmol scale): TLC conditions - Si0,, 2:1

hexanes:EtOAc, Hanessian’s stain (dark blue) used for visualization, Rf = 0.36. Silica gel
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column chromatography carried out using 0 - 25% EtOAc in hexanes. Yield 34% of a
clear colourless oil. NMR (CDCls): *H = 3.61 (m, 4H), 2.86 (g, 2H, J= 7Hz), 2.62 (t, 2H, J=
7Hz), 1.86 (p, 2H, J= 7Hz), 1.54 (m, 5H), 1.30 (m, 8H), 0.87 (s, 9H), 0.03 (s, 6H). **C =
199.7,63.1, 61.9, 40.7, 32.8, 29.7, 29.3, 29.2, 28.9, 28.8, 28.7, 26.0, 25.8, 18.5, -5.2.

0
O\(%/lk N e el
S
5

3-28: THPO-6-S-8-OH (875 mg, 4.0 mmol scale): TLC conditions - SiO,, 2:1
Et,0:hexanes, Hanessian’s stain (dark blue) used for visualization, Rf = 0.30. Silica gel
column chromatography carried out using 0 - 60% Et,0 in hexanes. Yield 40% of a white
waxy solid. NMR (CDCls): *H = 4.54 (m, 1H), 3.82 (m, 1H), 3.69 (m, 1H), 3.61 (m, 1H),
3.59 (t, 2H, J= 7Hz), 3.46 (m, 1H), 3.34 (m, 1H), 2.85 (t, 2H, J= 7Hz), 2.52 (t, 2H, J= 7Hz),
1.66 (m, 16H), 1.29 (m, 10H). B3¢ = 199.8,99.1,67.4,62.8,62.3,44.1, 32.8, 30.9, 30.8,
29.7,29.6, 29.5, 29.4, 29.3, 29.1, 28.8, 28.7, 25.9, 25.6, 25.5.

General procedure for the ester coupling of alcohol terminated thioester with

protected nucleophile (3-23 - 3-28) with p-iodobenzoic acid:
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1.2 equivalents of p-iodobenzoic acid (3-8) was dissolved into dry THF and to this
solution was added in order 1.2 eqgiuvalents of HOBt, 1.2 equivalents of DIC, 1.0
equivalent of the alcohol terminated thioester with protected nucleophile (3-23 - 3-28)
and 2.4 equivalents of DIPEA. The reaction was stirred at room temperature and after
~15 minutes the formation of DIU was observed as an opalescent white precipitate. The
reactions were monitored by TLC and after 16 hours the reactions were determined to
be complete. The reactions were worked up by first vacuum filtering to remove the DIU
side product. The filtrates were then evaporated under vacuum to remove the THF and
the resulting oils were re-dissolved into Et,0. The organic solutions were then washed
with H,0, 0.1M sodium phosphate buffer pH~3 and then brine before being dried over
Na,S0,, filtered and then evaporated under vacuum to remove the organic solvent. The
resulting crude oils were then purified using silica gel column chromatography using

appropriate conditions.
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3-41: tBocHN-4-5-8-OBzl (348 mg, 1.0 mmol scale): TLC conditions - SiO,, 2:1

hexanes:EtOAc, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.69.
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Silica gel column chromatography carried out using 0 - 50% EtOAc in hexanes. Yield 51%
of pale yellow oil. NMR (CDCls): *H = 7.74 (m, 4H), 4.64 (s, br, 1H), 4.28 (t, 2H, J= 7Hz),
3.13 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.59 (t, 2H, J= 7Hz), 1.77 (m, 4H), 1.53 (m, 2H), 1.42-
1.31 (m, 18H). 3¢ =199.3, 166.3, 155.9, 137.8, 131.0, 130.2, 100.8, 79.3, 65.4, 41.4,
39.7,29.6, 29.2, 29.0, 28.9, 28.8, 28.7, 28.5, 26.0.
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3-42: tBocHN-5-S-8-0Bzl (362 mg, 1.0 mmol scale): TLC conditions - SiO,, 5:1
hexanes:EtOAc, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.27.
Silica gel column chromatography carried out using 0 - 15% EtOAc in hexanes. Yield 89%
of pale yellow waxy solid. NMR (CDCls): *H = 7.74 (m, 4H), 4.58 (s, br, 1H), 4.28 (t, 2H, J=
7Hz), 3.09 (m, 2H), 2.87 (p, 2H, J= 7Hz), 2.55 (t, 2H, J= 7Hz), 1.73-1.33 (m, 26H). *C=
199.7,166.1, 156.1, 137.7, 130.9, 129.8, 100.5, 79.1, 65.5, 43.7, 39.9, 29.6, 29.4, 29.2,
29.0, 28.9, 28.7, 28.6, 28.5, 26.1, 22.9.
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3-43: tBocHN-6-S-8-0Bzl (376 mg, 1.0 mmol scale): TLC conditions - SiO,, 2:1
hexanes:Et,0, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.30.
Silica gel column chromatography carried out using 0 - 40% Et,0 in hexanes. Yield 84%
of pale yellow waxy solid. NMR (CDCl3): *H = 7.74 (m, 4H), 4.53 (s, br, 1H), 4.28 (t, 2H, J=
7Hz), 2.09 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.52 (t, 2H, J= 7Hz), 1.76-1.32 (m, 28H). C =
199.7, 166.3, 156.3, 137.9, 131.1, 130.1, 100.6, 65.4, 44.0, 40.3, 29.9, 29.7, 29.6, 29.2,
29.1, 28.8, 28.7, 28.6, 26.2, 26.1, 25.4, 15.3.
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3-44: tBocHN-8-5-8-0Bzl (130 mg, 0.50 mmol scale): TLC conditions - SiO,, 5:1
hexanes:EtOAc, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.35.
Silica gel column chromatography carried out using 0 - 15% EtOAc in hexanes. Yield 99%
of pale yellow waxy solid. NMR (CDCls): 'H=7.75 (m, 4H), 4.52 (s, br, 1H), 4.29 (t, 2H, J=
7Hz), 3.09 (m, 2H), 2.85 (t, 2H, J= 7Hz), 2.52 (t, 2H, J= 7Hz), 1.75 — 1.31 (m, 31H). *C=
200.3, 166.1, 156.1, 137.7, 132.0, 121.3, 129.8, 125.0, 120.8, 108.3, 100.8, 65.4, 44.1,
40.9, 30.1, 29.7, 29.2, 29.1, 29.0, 28.9, 28.8, 28.7, 28.6, 26.7, 26.0, 25.8.
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3-45: TBDMSO0-4-5-8-0OBzI (127 mg, 0.35 mmol scale): TLC conditions - SiO,, 11:1
hexanes:acetone, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.62.
Silica gel column chromatography carried out using 0 - 5% Et,0 in hexanes. Yield 92% of
clear colourless oil. NMR (CDCl3): 'H=7.75 (m, 4H), 4.29 (t, 2H, J=7Hz), 3.62 (t, 2H, J=
7Hz), 2.86 (t, 2H, J= 7Hz), 2.63 (t, 2H, J= 7Hz),1.85 (p, 2H, J= 7Hz), 1.75 (m, 2H), 1.56 (m,
2H), 1.33 (m, 8H), 0.89 (s, 9H), 0.04 (s, 6H). *3C = 199.6, 166.2, 137.7, 131.2, 130.2,
100.9, 65.4, 62.0, 40.7, 29.8, 29.3, 29.1, 28.9, 28.7, 28.7, 26.0, 18.6, -5.2.
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3-46: THPO-6-S-8-0OBzI (252 mg, 0.70 mmol scale): TLC conditions - SiO,, 11:1
hexanes:acetone, UV and Hanessian’s stain (dark blue) used for visualization, Rf = 0.33.
Silica gel column chromatography carried out using 0 - 8% acetone in hexanes. Yield
94% of white waxy solid. NMR (CDCls): 'H=7.74 (m, 4H), 4.52 (m, 1H), 4.29 (t, 2H, J=
7Hz), 3.83 (m, 1H), 3.70 (m, 1H), 3.47 (m, 1H), 3.36 (m, 1H), 2.81 (t, 2H, J= 7Hz), 2.53 (t,
2H, J=7Hz), 1.75- 1.32 (m, 25H). Be= 199.6, 266.2, 137.8, 131.2, 130.1, 100.5, 99.1,
67.3,65.4,62.4,44.2,30.7, 29.6, 29.5, 29.1, 29.0, 28.8, 28.7, 28.6, 25.9, 25.8, 25.6, 25.5,
19.7.

General procedure for the Sonogashira cross-coupling of aryliodide terminated
thioester with protected nucleophile (3-41 - 3-46) with 6-[(3-methylbut-2-en-1-yl)oxy]-

6-oxohexyl 4-ethynylbenzoate (3-11):
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1.0 equivalents of aryliodide terminated thioester with protected nucleophile (3-41 - 3-
46) was dissolved in dry THF and the solution was degassed and then purged with N,.
To his solution under a constants stream of N, was added in order 2.4 equivalents of
NEts, 0.06 equivalents of Cul, 0.03 equivalents of Pd(PPhs)4 and 1.2 equivalents of 6-[(3-
methylbut-2-en-1-yl)oxy]-6-oxohexyl 4-ethynylbenzoate (3-11). The reaction was then
stirred vigorously at room temperature under and inert N, atmosphere shielded from
light. The reaction was monitored by TLC and after ~16 - 24 hrs was determined to be
complete as indicated by complete consumption of the aryl iodide. During the reaction
the solutions generally went from clear yellow solutions to orange solutions with visible
dark orange precipitates. The reaction was worked up by first vacuum filtering the
mixture to remove the dark orange precipitates and the filtrate was then evaporated

under vacuum. The resulting sticky solids were then dissolved in Et,0 and the resulting
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solution washed in order with a solution of disodium EDTA, saturated sodium
bicarbonate, H,0, 0.1M sodium phosphate buffer pH~3 and then brine. The organic
fraction was then dried over Na,SO,, filtered, evaporated under vacuum and then
purified by silica gel column chromatography using conditions appropriate for the

compound.
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3-47: PreOOC-6-ADIP-8-S-4-NHtBoc (230 mg, 0.40 mmol scale): TLC conditions - SiO,,
1:1 hexanes:Et,0, UV and vanillin stain (green) used for visualization, Rf = 0.33. Silica gel
column chromatography carried out using 0 - 50% Et,0 in hexanes. Yield 87% of a waxy
pale yellow solid. NMR (CDCls): *H = 8.02 (dd, 4H, J= 8Hz), 7.59 (d, 4H, J= 8Hz), 5.30 (m,
1H), 4.57 (s, br, 1H), 4.56 (d, 2H, J= 6H), 4.31 (m, 4H), 3.14 (m, 2H), 2.86 (t, 2H, J= 7Hz),
2.58 (t, 2H, J= 7Hz), 2.34 (t, 2H, J= 7Hz), 1.86-1.69 (m, 15H), 1.56-1.34 (m, 21H). C=
199.3,173.7, 165.9, 155.9, 139.2, 131.8, 130.4, 129.6, 127.4,118.7,91.4, 65.5, 65.3,
61.5,41.4,39.8,34.3,29.6,29.2,29.1, 28.9, 28.8, 28.8, 28.6, 26.1, 25.9, 25.8, 24.8.
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3-48: PreOOC-6-ADIP-8-S-5-NHtBoc (237 mg, 0.40 mmol scale): TLC conditions - SiO,,
1:1 hexanes:Et,0, UV and vanillin stain (green) used for visualization, Rf = 0.29. Silica gel
column chromatography carried out using 0 - 50% Et,0 in hexanes. Yield 94% of a waxy
pale yellow solid. NMR (CDCls): 'H=8.01 (dd, 4H, J=8, 1Hz), 7.58 (d, 4H, J= 8Hz), 5.32
(m, 1H), 4.55 (d, 3H, J= 6Hz), 3.11 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.55 (t, 2H, J= 7Hz), 2.33
(t, 2H, J= 7Hz), 1.74 (m, 14H), 1.54-1.33 (m, 24H). **C =199.6, 173.6, 166.1, 156.0,
139.1, 131.7,130.4, 129.8, 127.5,118.7,91.4,65.1, 61.4, 43.5, 40.4, 34.2, 29.7, 29.4,
29.3, 29, 28.9, 28.8, 28.7, 28.5, 26.0, 25.9, 25.7, 25.0, 18.1, 15.4.
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3-49: PreOOC-6-ADIP-8-S-6-NHtBoc (425 mg, 0.70 mmol scale): TLC conditions - SiO,,
1:1 hexanes:Et,0, UV and vanillin stain (green) used for visualization, Rf = 0.39. Silica gel

column chromatography carried out using 0 - 40% Et,0 in hexanes. Yield 59% of a waxy

pale yellow solid. NMR (CDCls): 'H = 8.01 (dd, 4H, J= 8, 1Hz), 7.58 (d, 4H), 5.32 (m, 1H),
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4.55 (d, 3H, J= 6Hz), 4.29 (m, 4H), 3.08 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.52 (t, 2H, J= 7Hz),
2.33 (t, 2H, J= 7Hz), 1.74 (m, 14H), 1.42 (m, 26H). **C = 199.6, 173.7, 166.1, 155.9, 139.1,
131.7, 130.4, 130.3, 129.6, 127.4, 118.7, 91.5, 65.4, 65.1, 61.4, 44.0, 40.5, 34.3, 29.9,
29.6,29.2,29.0, 28.8, 28.7, 28.7, 28.5, 26.0, 25.9, 25.7, 25.4, 24.7, 18.5.
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T

3-50: PreOOC-6-ADIP-8-S-8-NHtBoc (190 mg, 0.30 mmol scale): TLC conditions - SiO,,
1:1 hexanes:Et,0, UV and vanillin stain (green) used for visualization, Rf = 0.28. Silica gel
column chromatography carried out using 0 - 50% Et,0 in hexanes. Yield 85% of a waxy
pale yellow solid. NMR (CDCls): 'H = 8.01 (d, 4H, J= 8Hz), 7.58 (d, 4H, J= 8Hz), 5.32 (m,
1H), 4.55 (d, 3H, J= 7Hz), 4.31 (m, 4H), 3.06 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.51 (t, 2H, J=
7Hz), 2.33 (t, 2H, J= 7Hz), 1.70 (m, 14H), 1.67-1.28 (m, 29H). *C=199.9, 173.6, 165.8,
156.5, 138.9, 131.7, 130.4, 129.7, 127.3, 118.5, 91.6, 65.2, 65.1, 61.3, 44.2, 40.6, 34.2,
30.0,29.7,29.2, 29.1, 29.0, 28.9, 28.8, 28.7, 28.5, 26.7, 26.0, 25.9, 25.7, 25.7, 17.9.
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3-51: PreOOC-6-ADIP-8-S-4-OTBDMS (150 mg, 0.25 mmol scale): TLC conditions - SiO,,
9:1 hexanes:acetone, UV and vanillin stain (green) used for visualization, Rf = 0.23. Silica
gel column chromatography carried out using 0 - 50% Et,0 in hexanes. Yield 93% of a
waxy pale yellow solid. NMR (CDCls): 'H=8.02 (dd, 4H, J= 8, 2Hz), 7.59 (d, 4H, J= 8Hz),
5.33 (m, 1H), 4.57 (d, 2H, J= 6Hz), 4.32 (m, 4H), 3.62 (t, 2H, J= 7Hz), 2.86 (t, 2H, J= 7Hz),
2.63 (t, 2H, J= 7Hz), 2.35 (t, 2H, J= 7Hz), 1.88-1.60 (m, 14H), 1.35 (m, 13H). C=199.2,
173.7,166.1, 139.7, 131.7, 130.5, 118.8, 91.6, 65.4, 61.9, 61.5, 40.6, 34.4, 29.7, 29.3,
29.1, 28.9, 28.8, 28.8, 28.7, 28.6, 26.1, 25.9, 25.8, 24.9, 18.5, -5.2.

3-52: PreOOC-6-ADIP-8-S-6-OTHP (300 mg, 0.5 mmol scale): TLC conditions - SiO,, 1:1
hexanes:Et,0, UV and vanillin stain (green) used for visualization, Rf = 0.29. Silica gel
column chromatography carried out using 0 - 50% Et,0 in hexanes. Yield 94% of a waxy
pale yellow solid. NMR (CDCls): *H = 8.01 (dd, 4H, J= 8Hz), 7.58 (d, 2H, J= 8Hz), 5.32 (m,
1H), 4.55 (m, 3H), 4.29 (m, 4H), 3.82 (m, 1H), 3.71 (m, 1H), 3.46 (m, 1H), 3.36 (m, 1H),
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2.84 (t, 2H, J= 7Hz), 2.51 (t, 2H, J= 7Hz), 2.33 (t, 2H, J= 7Hz), 1.69 (m, 18H), 1.34 (m, 21H).
3¢ =199.7,172.9, 166.3, 138.9, 132.1, 130.4, 130.0, 127.5, 118.7, 99.0, 91.4, 67.3, 65.4,
65.0, 62.4, 61.0, 44.1, 34.3, 30.8, 29.5, 29.4, 29.2, 29.0, 28.8, 28.5, 26.0, 25.9, 25.8, 25.7,
25.6, 25.5, 24.7.

General procedure for the t-Boc and Pre deprotection of the doubly protected amine

terminated full length compounds (3-47 - 3-50):
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1.0 equivalent of doubly protected amine terminated full length compound (3-47 - 4-
50) was dissolved in DCM and cooled to 0°C. To this solution was added 1.25
equivalents of TMSOTf and the reaction was allowed to warm to room temperature
over the course of 4 hours. The reaction was monitored by TLC (SiO,, 2:1

hexanes:EtOAc, UV used for visualization) to determine completion by disappearance of
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the spot due to starting material. Note that the products were all of insufficient
mobility to be resolved from the baseline. Upon completion the reaction was worked
up by first reducing the volume by half using a stream of N, after which the mixture was
slowly diluted by a factor a five using hexanes. This diluted solution was then cooled in
the freezer for a few hours to facilitate the precipitation of the final deprotected

products. All products were purified via preparatory HPLC using a C18 column and

eluting with 0 - 5% MeOH in acetonitrile.
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3-53: '00C-6-ADip-8-S-4- NH;" (150 mg, 0.26 mmol scale): Yield 80% of a waxy pale
yellow solid. NMR (CDsCN): *H = 8.06 (dd, 4H, J= 8, 2Hz), 7.70 (d, 4H, J= 8Hz), 6.39 (t, 3H,
J=9H), 4.34 (m, 4H), 3.06 (m, 2H), 3.00 (t, 2H, J= 7Hz), 2.73 (t, 2H, J= 7Hz), 2.35 (t, 2H, J=
7Hz), 1.98 (m, 4H), 1.79-1.39 (m, 19H). *C=199.5, 175.2, 166.5, 132.6, 131.5, 130.4,
127.9,91.9, 65.9, 65.1, 41.0, 40.5, 34.1, 30.2, 29.7, 29.3, 29.0, 26.6, 26.2, 25.1, 23.4.
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3-54: "00C-6-ADip-8-5-5-NH;" (111 mg, 0.19 mmol scale): Yield 42% of an off white
waxy solid. NMR (d6-acetone): *H = 8.06 (d, 4H, J= 8Hz), 7.71 (d, 4H, J= 8Hz), 7.63 (brs,
3H), 4.33 (q, 4H, J= 7Hz), 3.27 (m, 2H), 2.87 (t, 2H, J= 7Hz), 2.66 (t, 2H, J= 7Hz), 2.34 (t,
2H, J=7Hz), 1.98-1.25 (m, 22H). 3¢ =198.9,174.6, 166.1, 132.6, 131.5, 130.4, 127.9,
91.9, 65.9,65.7,43.7,41.1, 34.1, 30.5, 29.7, 29.2, 27.3, 26.7, 26.3, 25.3, 22.9.
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3-55: '00C-6-ADip-8-S-6- NH;" (230 mg, 0.38 mmol scale): Yield 64% of an off white
waxy solid. NMR (d6-DMSO): *H = 7.98 (d, 4H, J= 8Hz), 7.72 (d, 4H, J= 8Hz), 7.57 (s, br,
3H), 4.27 (s, 4H), 2.79 (m, 3H), 2.50 (m, 3H), 2.23 (m, 2H), 1.79-1.28 (m, 27H). Cc =
198.6, 17.5, 165.1, 131.8, 129.9, 129.4, 126.3, 91.2, 64.9, 43.1, 33.6, 29.2, 28.5, 28.3,
28.1,27.9, 26.7, 26.6, 25.1, 24.5, 24.2, 23.9.
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3-56: '00C-6-ADip-8-S-8- NH;* (120 mg, 0.14 mmol scale): Yield 42% of an off white
glassy solid. NMR (d6-acetone): *H = 8.05 (d, 2H, J= 8Hz), 7.70 (d, 2H, J= 8Hz), 7.55 (s, br,
2H), 4.32 (m, 4H), 3.24 (m, 2H), 2.86 (t, 2H, J= 7Hz), 2.57 (t, 2H, J= 7Hz), 2.36 (t, 2H, J=
7Hz), 1.80-1.36 (m, 27H). 13€=199.2,174.6, 166.0, 132.5, 131.4, 130.3, 127.8, 91.9,
65.5,44.3,41.4,34.0, 30.4, 29.0, 27.9, 26.7, 26.2, 25.2.
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3-58: PreOOC-6-ADip-8-S-6-OH (316 mg, 0.4 mmol scale): 1.0 equivalent of PreOOC-6-
ADIP-8-S-6-OTHP (3-52) was dissolved in 9:1 DCM: MeOH and to the resulting solution
was added 0.20 equivalents of p-TosOH. The reaction was stirred vigorously for 3 hours
while monitoring by TLC (SiO,, 2:1 hexanes:acetone, UV and vanillin (purple) used for
visualization, Rf = 0.38). The reaction was worked up by diluting by a factor of 5 using
DCM. This solution was then washed with H,0 and brine before being dried over

MgSQ,, filtered and then dried under vacuum. The crude material was purified by silica
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gel column chromatography eluting with 0 - 25% acetone in hexhanes. Yield 86% of a
pale yellow waxy solid. NMR (CDCl5): *H = 8.01 (dd,4H, J= 8, 2Hz), 7.58 (d, 4H, J= 8Hz),
5.32 (m, 1H), 4.56 (d, 2H, J= 7Hz), 4.31 (m, 4H), 3.62 (m, 2H), 2.84 (t, 2H, J= 7Hz), 2.54 (t,
2H, J= 7Hz), 2.36 (t, 2H, J= 7Hz), 1.74 (m, 14H), 1.45 (m, 18H). 3C =199.5, 173.4, 165.9,
139.2,131.8, 130.3, 129.7,127.4, 118.7,91.4, 65.2, 65.4, 62.7,61.4,44.1, 34.2, 32.2,
29.7,29.2,29.0, 28.9, 28.7, 28.5, 26.0, 25.8, 25.7, 25.5, 25.2, 24.7, 18.0.
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3-59: "'00C-6-ADip-8-S-6-OH (180 mg, 0.28 mmol scale): 1.0 equivalent of PreOOC-6-
ADip-8-5-6-OH (3-58) was dissolved in dry DCM and cooled to 0°C to which was added
1.1 equivalents of TMSOTf. The reaction was then allowed to stir for 4 hours while
gradually warming to room temperature. The reaction was monitored by TLC (SiO,, 2:1
hexanes:acetone, UV used to visualize, Rf =0.27). The reaction was worked up by first
adding several drops of glacial acetic acid and then diluting the reaction by a factor of 10

using dry DCM. The resulting solution was then washed with H,0 and brine before
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being dried over MgSQ,, filtered and dried under vacuum. The resulting brown solid
was dissolved in @ minimum amount of DCM to which was added Et20 until the
formation of a fine white precipitate was observed at which point the solution was put
in the freezer for a few hours. This precipitate was then filtered off and then dried
under vacuum to afford the final product. Yield 24% of an off-white waxy solid. The
product was further purified via preparatory HPLC using a C18 column and eluting with
0 - 5% MeOH in acetonitrile as required for studies. NMR (CDCl3): 'H=8.01 (dd,4H, J=8,
2Hz), 7.58 (d, 4H, J= 8Hz), 5.32 (m, 1H), 4.56 (d, 2H, J= 7Hz), 4.31 (m, 4H), 3.62 (m, 2H),
2.84 (t, 2H, J= 7Hz), 2.54 (t, 2H, J= 7Hz), 2.36 (t, 2H, J= 7Hz), 1.74 (m, 14H), 1.45 (m, 18H).
B3¢ =199.5,173.4,165.9, 139.2, 131.8, 130.3, 129.7, 127.4, 118.7, 91.4, 65.2, 65.4, 62.7,
61.4,44.1,34.2,32.2,29.7,29.2,29.0, 28.9, 28.7, 28.5, 26.0, 25.8, 25.7, 25.5, 25.2, 24.7,
18.0.
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3-61: 2-[2-(2-methoxyethoxy)ethoxy]ethyl 4-iodobenzoate (5.0 g, 20 mmol scale): 1.0
equivalent of p-iodobenzoic acid (3-8) was dissolved into dry THF. To this solution was
added in order 1.2 equivalents of HOBt, 1.2 equivalents of DIC, 1.2 equivalents of
triethylene glycol monomethyl ether (3-60) and 2.4 equivalents of DIPEA. The reaction
was then stirred vigorously for 16 hours while being monitored by TLC (SiO,, 1:1
hexanes:EtOAc, UV used for visualization, Rf = 0.41). Upon completion of the reaction

as indicated by the loss of the spot due to the starting material (3-8) on the TLC plate,
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the reaction was worked up by first vacuum filtering to remove the solid diisopropyl
urea (DIU) side product. The filtrate was then dried under high vacuum before being
dissolved into Et,0O. This Et,0 was washed with H,0 and brine before being dried over
Na,SO,, filtered and then dried under high vacuum. The resulting crude material was
purified by silica gel column chromatography eluting with 0 - 50% EtOAc in hexanes.
Yield 88% as a white waxy low melting solid. NMR (CDCls): 'H=7.72 (m, 4H), 4.42 (m,
2H), 3.77 (m, 2H), 3.61 (m, 6H), 3.48 (m, 2H), 3.31 (s, 3H). *C=165.9, 137.7, 131.1,
129.5, 100.7, 71.8, 70.6, 69.1, 64.4, 59.1.
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3-62: 2-[2-(2-methoxyethoxy)ethoxy]ethyl 4-trimethylsilyl-ethynylbenzoate (2.4 g, 6.0
mmol scale): 1.0 equivalents of 2-[2-(2-methoxyethoxy)ethoxy]ethyl 4-iodobenzoate
(3-61) was dissolved into dry THF and the resulting solution was purged under N,. To
this solution was added in order under a stream of nitrogen 4.0 equivalents of NEt3, 0.05
equivalents of Pd(PPhs),, 0.10 equivalents of Cul and 2.0 equivalents of TMS-acetylene.
The reaction was allowed to stir at room temperature, in the dark and under a stream of
N, for 16 hours. The reaction was monitored by TLC (SiO2, 1:1 hexanes:EtOAc, UV used

for visualization, Rf = 0.52). The reaction was worked up by first removing the solvent
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under vacuum to afford dark yellow sticky solid which was treated with Et,0. The
resulting cloudy mixture was vacuum filtered and the filtrate washed with a solution of
disodium EDTA, H,0 and brine before being dried over Na,S0O,, filtered and then dried
under vacuum. This crude product was purified by silica gel column chromatography
eluting with 0 - 80% Et,0 in hexanes. Yield 98% as a pale orange oil. NMR (CDCl3): H=
7.96 (d, 2H, J= 8Hz), 7.49 (d, 2H, J= 8Hz), 4.45 (t, 2H, J= 6Hz), 3.81 (t, 2H, J= 6Hz), 3.65 (m,
6H), 3.51 (m, 2H), 3.35 (s, 3H), 0.24. *C=166.0, 132.3, 129.5, 127.9, 103.8, 97.3, 72.1,
70.6, 69.3,64.4,59.1, -0.1.
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3-63: 2-[2-(2-methoxyethoxy)ethoxy]ethyl 4- ethynylbenzoate (2.0 g, 5.5 mmol scale):
1.0 equivalent of 2-[2-(2-methoxyethoxy)ethoxy]ethyl 4-trimethylsilyl-
ethynylbenzoate (3-62) was dissolved in dry THF and then cooled to 0°C. To this
solution was added 1.0 equivalent of TBAF as a 1M solution in THF with vigorous
stirring. The reaction immediately went inky black blue. The reaction was monitored by
TLC (SiO,, 1:2 hexanes:Et,0, UV used for visualization, Rf = 0.29). After ~5 minutes the
reaction was complete and worked up by first adding a drop of AcOH causing the colour
to fade slightly. The reaction was diluted by a factor of 5 using Et,0 and the resulting
solution was washed with H,O and brine before being dried over Na,S0y,, filtered and

then dried under vacuum. The crude material was purified using silica gel column
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chromatography eluting with 0 - 75% EtOAc. Yield 60% as a pale yellow oil. NMR
(CDCls): 'H=7.97 (dd, 2H, J= 8, 2H), 7.50 (d, 2H, J= 8Hz), 4.45 (t, 2H, J= 7Hz), 3.80 (t, 2H,
J=7Hz), 3.59 (m, 6H), 3.49 (m, 2H), 3.33 (s, 3H), 3.23 (s, 1H). **C=166.3,132.2,130.2,
129.6, 126.9, 82.8, 80.2, 72.1, 70.5, 69.2, 64.5, 59.1.

0
|
SO NNON
+
0
D e N

S

DMF, Pd(PPh,),, Cul, NEt,
N,, Dark, RT, 16hrs

o=
9 3
G o

N/ _/

3-64: Adip chromophore standard (1.0 g, 2.5 mmol scale): 1.0 equivalent of 2-[2-(2-
methoxyethoxy)ethoxy]ethyl 4-iodobenzoate (3-61) was dissolved in dry THF and the
resulting solution purged with N,. To this solution was added in order 2.1 equivalents of
NEts, 0.03 equivalents of Pd(PPhs),, 0.06 equivalents of Cul, and 1.1 equivalents of 2-[2-
(2-methoxyethoxy)ethoxy]ethyl 4- ethynylbenzoate (3-63). The reaction was allowed
to stir vigorously in the dark under N, for 16 hours. The reaction was monitored by TLC
(Si0,, 2:1 hexanes:acetone, UV used for visualization, Rf = 0.23). Upon completion the

reaction was worked up by first removing the solvent under vacuum to afford a mass of
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sticky orange solid. This solid was treated with Et,0 resulting in a cloudy orange
solution which was vacuum filtered. The filtrate was then washed with a solution of
disodium EDTA, H,0 and then brine before being dried over Na,S0O,, filtered and then
dried under vacuum. The resulting orange oil was purified by silica gel column
chromatography eluting with 0 - 30% acetone in hexanes. Yield 96% as a pale orange
oil. NMR (CDCls): *H = 8.01 (d, 4H, J= 8Hz), 7.56 (d, 4H, J= 8Hz), 4.45 (m, 4H), 3.81 (m,
4H), 3.69 (m, 4H), 3.59 (m, 12H), 3.48 (m, 4H), 3.30 (m, 6H). *C=166.1, 131.7, 129.9,
129.7,127.4,91.4,71.9,70.7, 70.6, 69.1, 64.4, 59.1.

(6]
© NH\/\/\)J\
>r Y OH
0 DIC, HOBt, DIPEA, THF
s "
RT, 16hrs

XOYNH\/\/\)J\S/\/

3-65: S-propyl 6-[(tert-butoxycarbonyl)amino]lhexanethioate (1.0 g, 4.3 mmol scale):
1.0 equivalent of 6-[(tert-butoxycarbonyl)amino]hexanoic acid (3-14) was dissolved
into dry THF and to this solution was added in order 1.5 equivalents of HOBt, 1.5
equivalents of DIC, 1.5 equivalents of propanethiol and 1.5 equivalents of DIPEA. The
reaction was stirred vigorously for 16 hours while monitoring by TLC (SiO,, 2:1
hexanes:Et20, Hanessian’s stain (blue) used for visualization, Rf = 0.46). The reaction
was worked up by first vacuum filtering to remove the DIU side product. The filtrate
was then dried under vacuum and the resulting oil was dissolved in Et,0. This solution
was washed with H,0 and brine before being dired over Na,SQ,, filtered and dried
under vacuum. The resulting crude product was purified by silica gel column
chromatography eluting with 0 - 30% Et,0 in hexanes. Yield 97% as a pale yellow oil.
NMR (CDCls): *H = 4.56 (s, br, 1H), 3.02 (s, br, 2H), 2.84 (td, 2H, J= 7, 1Hz), 2.52 (td, 2H,
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J=7, 1Hz), 1.62-1.30 (m, 18H), 0.90 (td, 3H, J= 6, 1Hz). *C =199.4, 155.9, 79.0, 44.0,
40.4, 30.8, 29.9, 28.6, 26.2, 25.5, 22.9, 13.5.

0
XOYNH\/\/\)J\S/\/
0 lHCI, MeOH

RT, 1hr
0]

- +
|
d H3N\/\/\/J\5/\/

3-67: 6-0x0-6-(propylsulfanyl)hexan-1-amonium chloride (600 mg, 2.0 mmol scale) :
1.0 equivalents of S-propyl 6-[(tert-butoxycarbonyl)amino]hexanethioate (3-65) was
dissolved in MeOH and to this solution was added 2.0 equivalents of HCl as a 2M
aqueous solution. The reaction was stirred vigorously for 1 hour at room temperature.
The reaction was worked up by evaporating the solvent under vacuum to afford a waxy
off white solid. This solid was triturated with 1:1 hexane:Et,0 before being vacuum
filtered. The resulting solids were dried further under vacuum. Yield 98% as a white
crystalline solid. NMR (CDCl3): 'H=8.14 (br, s, 3H), 2.9 (br, s, 2H), 2.78 (t, 2H, J= 7Hz),
2.52 (t, 2H, J= 7Hz), 1.76 (m, 2H), 1.64 (m, 2H), 1.52 (p, 2H, J= 7Hz), 1.39 (m, 2H), 0.90 (t,
3H, J= 7Hz). Bc= 199.3,43.7, 39.8, 30.7, 33.0, 27.0, 25.8, 25.0, 13.4.
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3-71: HOOC-6-ADip-8-SH (25 mg, 0.041 mmol scale): 1.0 equivalent of ‘OOC-6-ADip-8-
S-4- NH;*(3-53) was dissolved in DCM and to this was added 10.0 equivalents of NaHCO3
as a saturated aqueous solution. The reaction was stirred vigorously while gently
heating for 4 hours. The reaction was then cooled in an ice bath and the carefully
acidified to pH ~2 with vigorous stirring. The aqueous and organic phases were allowed
to separate, retaining the organic phase which was washed with brine and then dried
over Na,SO,, filtered and then dried under high vacuum to afford the final compound
which was purified by HPLC as needed. Crude yield 58% as a waxy off-white solid. NMR
(d6-acetone): 'H=8.06 (d, 4H, J=8Hz), 7.71 (d, 4H, J= 8Hz), 7.63 (br s, 3H), 4.33 (g, 4H, J=
7Hz), 3.27 (m, 2H), 2.87 (t, 2H, J= 7Hz), 2.66 (t, 2H, J= 7Hz), 2.34 (t, 2H, J= 7Hz), 1.98-1.25
(m, 22H). C=198.9,174.6, 166.1, 132.6, 131.5, 130.4, 127.9, 91.9, 65.9, 65.7, 43.7,
41.1,34.1,30.5, 29.7, 29.2, 27.3, 26.7, 26.3, 25.3, 22.9.
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Appendix 2: Crystallographic Data

Prob
Temp

S0
90

24 Y

- (221010
08/)

PLATON-Nov 22 23:50:43 281&

N~
—
w
—

£ 002 P -1 R =0.04 RES= 0 -71 X

Data Collection

An orange blade crystal of Cs4H;,N404Co.DMF.2H,0 having approximate
dimensions of 0.04 x 0.12 x 0.50 mm was mounted on a glass fiber. All measurements
were made on a Bruker APEX DUO diffractometer with graphite monochromated Mo-Ka

radiation..

The data were collected at a temperature of -183.0 + 0.19C to a maximum 20

value of 60.20. Data were collected in a series of ¢ and ® scans in 0.59 oscillations using

3.0-second exposures. The crystal-to-detector distance was 40.05 mm.
Data Reduction

Of the 41458 reflections that were collected, 9598 were unique (Rjnt = 0.039);

equivalent reflections were merged. Data were collected and integrated using the
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Bruker SAINT' software package. The linear absorption coefficient, p, for Mo-Ka
radiation is 5.87 cm-1. Data were corrected for absorption effects using the multi-scan
technique (SADABSZ), with minimum and maximum transmission coefficients of 0.905

and 0.977, respectively. The data were corrected for Lorentz and polarization effects.

Crystal Data

Empirical Formula C37H33N505Co
Formula Weight 718.61

Crystal Colour, Habit orange, blade

Crystal Dimensions 0.04 X0.12 X 0.50 mm
Crystal System triclinic

Lattice Type Primitive

Lattice Parameters a=12.2490(5) A

b=12.6130(4) A

c=13.1171(5) A

o = 66.283(2)°

B = 62.476(2)°

y=72.627(2)°

V =1629.5(1) A3
Space Group P-1 (#2)

Z value 2

Dcalc 1.465 g/cm3
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Fooo 746.00

u(Mo-Kay) 5.87 cm-1



Intensity Measurements

Diffractometer

Radiation

Data Images

Detector Position

20max

No. of Reflections Measured

Corrections

Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

Anomalous Dispersion

No. Observations (1>0.00c(l))

No. Variables

Reflection/Parameter Ratio

Bruker APEX DUO

Mo-Ka (L =0.71073 A)

2573 exposures @ 3 seconds
40.05 mm

60.20

Total: 41458

Unique: 9598 (Rijnt = 0.039)

Absorption (Tmin = 0.905, Ta=
0.977)

Lorentz-polarization

Direct Methods (SIR97)
Full-matrix least-squares on F2

> w (Fo? - Fc2)2

292

w=1/(c2(Fo2)+(0.0421P) 2+ 1.1133P)

All non-hydrogen atoms

9598

473

20.29
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Residuals (refined on F2, all data): R1; wR2 0.052; 0.097

Goodness of Fit Indicator

No. Observations (1>2.005(l))

Residuals (refined on F): R1; wR2

Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

1.04
7728

0.038; 0.090
0.00

0.47 e/A3

-0.74 e-/A3
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Atomic coordinates ( x 1074) and equivalent isotropic displacement parameters (A2 x

1073) for tf002

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
C(1)  2608(1) 7949(1) 2120(1) 13(1)
C(2)  3123(1) 6663(1) 2232(1) 11(1)
C(3)  3566(1) 5892(1) 3103(1) 13(1)
C(4)  4020(1) 4727(1) 3101(1) 12(1)
C(5)  4004(1) 4408(1) 2201(1) 12(1)
c(6)  3518(1) 5227(1) 1375(1)  11(1)
C(7)  3355(1) 5000(1)  434(1) 11(1)
C(8)  3664(2) 3911(1)  266(1)  14(1)
C(9)  3414(2) 3788(1) -608(2) 18(1)
C(10)  2862(2) 4750(2) -1290(2) 19(1)
C(11)  2600(2) 5809(1) -1081(2) 16(1)
C(12)  4486(1) 3864(1) 4027(1) 12(1)
C(13)  4126(2) 4033(1) 5133(1) 14(1)
C(14)  4569(2) 3220(1) 5997(2)  16(1)
C(15)  5373(2) 2221(1) 5783(2) 17(1)
C(16) 5728(2) 2041(1) 4690(2)  19(1)
C(17)  5296(2) 2846(1) 3819(2)  16(1)
C(18)  4340(1) 8925(1) -2104(1) 13(1)
C(19) 3086(1) 9454(1) -2200(1) 12(1)
C(20)  2898(1) 10369(1) -3158(1) 13(1)
C(21)  1686(1) 10753(1) -3125(1) 12(1)



C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(38)
N(1)
N(2)
N(3)
N(4)
N(5)
0(1)
0(2)
0(3)
0(4)

o(5)

709(1)
976(1)

65(1)

-1204(1)
-1966(2)

-1429(2)

-155(2)
1448(1)
2261(2)
2022(2)
993(2)
182(2)
390(2)

8432(2)

10097(2)

9436(2)
3096(1)
2839(1)
2145(1)
588(1)

9255(2)
2217(1)
2582(1)
4323(1)
5257(1)

8267(1)

10204(1)
9280(1)
8558(1)
8788(1)
8031(1)
7058(1)
6889(1)
11695(1)
11737(1)
12603(2)
13457(2)
13424(1)
12538(1)
3247(2)
2760(2)
1243(2)
6331(1)
5946(1)
8924(1)
7627(1)
2440(1)
8496(1)
8345(1)
7980(1)
9414(1)

4290(1)

-2114(1)
-1193(1)
-103(1)

183(1)
1210(2)
1894(2)

1542(2)

-4154(1)
-5338(2)
-6304(2)

-6098(2)

-4924(2)

-3954(2)

3881(2)
2129(2)
4139(2)

1398(1)

-249(1)
-1253(1)

581(1)

3384(2)

1266(1)

2853(1)
-1229(1)
-2865(1)

3347(1)

12(1)
11(1)
11(1)
13(1)
16(1)
18(1)
16(1)
13(1)
16(1)
18(1)
20(1)
19(1)
15(1)
21(1)
32(1)
38(1)
11(1)
13(1)
11(1)
13(1)
23(1)
14(1)
17(1)
15(1)
17(1)

27(1)
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0(6)  4467(2) 1198(2) 9185(2) 53(1)
0(7)  6758(2) -620(1) 8287(2) 30(1)
O(7B)  7340(30) -670(20) 7640(30) 26(8)

Co(l)  2547(1) 7569(1)  91(1) 11(1)




Bond lengths [A] and angles [deg] for tf002

C(1)-0(2)
C(1)-0(1)
C(1)-C(2)
C(2)-N(1)
C(2)-C(3)
C(3)-C(4)
C(3)-H(3)
C(4)-C(5)
C(4)-C(12)
C(5)-C(6)
C(5)-H(5)
C(6)-N(1)
C(6)-C(7)
C(7)-N(2)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-N(2)
C(11)-H(11)
C(12)-C(13)

C(12)-C(17)

1.2338(19)
1.2789(19)
1.528(2)
1.335(2)
1.382(2)
1.407(2)
0.9500
1.402(2)
1.481(2)
1.387(2)
0.9500
1.3411(18)
1.480(2)
1.3555(19)
1.391(2)
1.389(2)
0.9500
1.386(2)
0.9500
1.385(2)
0.9500
1.336(2)
0.9500
1.394(2)

1.406(2)
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C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-H(17)
C(18)-0(4)

C(18)-0(3)

C(18)-C(19)
C(19)-N(3)

C(19)-C(20)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-C(29)
C(22)-C(23)
C(22)-H(22)
C(23)-N(3)

C(23)-C(24)
C(24)-N(4)

C(24)-C(25)
C(25)-C(26)

C(25)-H(25)

1.391(2)
0.9500
1.387(2)
0.9500
1.386(2)
0.9500
1.386(2)
0.9500
0.9500
1.2330(19)
1.2769(18)
1.524(2)
1.3365(19)
1.380(2)
1.404(2)
0.9500
1.400(2)
1.478(2)
1.390(2)
0.9500
1.3411(19)
1.484(2)
1.3529(19)
1.386(2)
1.390(2)

0.9500
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C(26)-C(27)
C(26)-H(26)
C(27)-C(28)
C(27)-H(27)
C(28)-N(4)
C(28)-H(28)
C(29)-C(30)
C(29)-C(34)
C(30)-C(31)
C(30)-H(30)
C(31)-C(32)
C(31)-H(31)
C(32)-C(33)
C(32)-H(32)
C(33)-C(34)
C(33)-H(33)
C(34)-H(34)
C(35)-0(5)
C(35)-N(5)
C(35)-H(35)
C(36)-N(5)
C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
C(38)-N(5)

C(38)-H(38A)

1.385(2)
0.9500
1.381(2)
0.9500
1.336(2)
0.9500
1.394(2)
1.402(2)
1.387(2)
0.9500
1.389(2)
0.9500
1.386(3)
0.9500
1.386(2)
0.9500
0.9500
1.222(2)
1.338(2)
0.9500
1.443(3)
0.9800
0.9800
0.9800
1.452(2)

0.9800
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C(38)-H(38B)
C(38)-H(38C)
N(1)-Co(1)
N(2)-Co(1)
N(3)-Co(1)
N(4)-Co(1)
0(1)-Co(1)
0(3)-Co(1)
0(6)-H(6A)
0(6)-H(6B)
0(7)-0(7B)
0(7)-H(7A)
0(7)-H(78B)
0(7B)-H(7A)

0(7B)-H(78B)

0(2)-C(1)-0(1)
0(2)-C(1)-C(2)
0(1)-C(1)-C(2)
N(1)-C(2)-C(3)
N(1)-C(2)-C(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)

C(5)-C(4)-C(3)

0.9800

0.9800
2.0288(13)
2.1607(13)
2.0362(13)
2.1639(14)
2.1204(11)
2.1135(12)
1.031(12)
1.019(9)
0.83(3)
0.88(3)
0.86(4)

1.06(4)

0.96(4)

126.98(14)
118.47(13)
114.53(13)
121.94(13)
113.12(13)
124.94(14)
119.12(14)
120.4
120.4

117.79(13)



C(5)-C(4)-C(12)

C(3)-C(4)-C(12)

C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
N(1)-C(6)-C(5)
N(1)-C(6)-C(7)
C(5)-C(6)-C(7)
N(2)-C(7)-C(8)
N(2)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)

C(7)-C(8)-H(8)

C(10)-C(9)-C(8)

C(10)-C(9)-H(9)

C(8)-C(9)-H(9)

C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(10)
N(2)-C(11)-H(11)
C(10)-C(11)-H(11)
C(13)-C(12)-C(17)
C(13)-C(12)-C(4)

C(17)-C(12)-C(4)

121.06(13)
121.14(14)
119.62(14)
120.2
120.2
121.12(14)
113.00(13)
125.83(13)
121.67(14)
114.32(13)
123.99(13)
118.95(14)
120.5
120.5
119.42(15)
120.3
120.3
118.18(15)
120.9
120.9
123.30(15)
118.4
118.4
118.21(14)
120.90(13)

120.88(14)
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C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(12)
C(16)-C(17)-H(17)
C(12)-C(17)-H(17)
0(4)-C(18)-0(3)
0(4)-C(18)-C(19)
0(3)-C(18)-C(19)
N(3)-C(19)-C(20)
N(3)-C(19)-C(18)
C(20)-C(19)-C(18)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(22)-C(21)-C(20)

C(22)-C(21)-C(29)

120.64(15)
119.7
119.7
120.79(15)
119.6
119.6
118.95(15)
120.5
120.5
120.82(15)
119.6
119.6
120.58(15)
119.7
119.7
126.66(14)
118.75(13)
114.57(13)
121.59(14)
113.09(13)
125.31(14)
118.85(14)
120.6
120.6
118.74(14)

120.52(14)
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C(20)-C(21)-C(29)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
N(3)-C(23)-C(22)

N(3)-C(23)-C(24)

C(22)-C(23)-C(24)
N(4)-C(24)-C(25)

N(4)-C(24)-C(23)

C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27)
C(26)-C(27)-H(27)
N(4)-C(28)-C(27)

N(4)-C(28)-H(28)

C(27)-C(28)-H(28)
C(30)-C(29)-C(34)
C(30)-C(29)-C(21)
C(34)-C(29)-C(21)

C(31)-C(30)-C(29)

120.72(14)
118.92(14)
120.5
120.5
121.04(14)
113.20(13)
125.70(14)
122.47(14)
113.82(13)
123.70(13)
118.65(14)
120.7
120.7
119.02(15)
120.5
120.5
118.65(15)
120.7
120.7
123.27(15)
118.4
118.4
119.25(14)
120.13(14)
120.60(14)

120.21(15)
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C(31)-C(30)-H(30)
C(29)-C(30)-H(30)
C(30)-C(31)-C(32)
C(30)-C(31)-H(31)
C(32)-C(31)-H(31)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
C(33)-C(34)-C(29)
C(33)-C(34)-H(34)
C(29)-C(34)-H(34)
0(5)-C(35)-N(5)
0(5)-C(35)-H(35)
N(5)-C(35)-H(35)
N(5)-C(36)-H(36A)
N(5)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
N(5)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
N(5)-C(38)-H(38A)
N(5)-C(38)-H(38B)

H(38A)-C(38)-H(38B)

119.9
119.9
120.18(16)
119.9
119.9
119.97(15)
120.0
120.0
120.16(16)
119.9
119.9
120.16(15)
119.9

119.9

125.63(18)
117.2

117.2

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5
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N(5)-C(38)-H(38C)
H(38A)-C(38)-H(38C)

H(38B)-C(38)-H(38C)

C(2)-N(1)-C(6)
C(2)-N(1)-Co(1)
C(6)-N(1)-Co(1)
C(11)-N(2)-C(7)
C(11)-N(2)-Co(1)
C(7)-N(2)-Co(1)
C(19)-N(3)-C(23)
C(19)-N(3)-Co(1)
C(23)-N(3)-Co(1)
C(28)-N(4)-C(24)
C(28)-N(4)-Co(1)
C(24)-N(4)-Co(1)
C(35)-N(5)-C(36)
C(35)-N(5)-C(38)
C(36)-N(5)-C(38)
C(1)-0(1)-Co(1)
C(18)-0(3)-Co(1)
H(6A)-0(6)-H(6B)
0(7B)-0(7)-H(7A)
0(7B)-0(7)-H(78B)
H(7A)-0(7)-H(7B)
0(7)-0(7B)-H(7A)

0O(7)-0(7B)-H(7B)

109.5

109.5

109.5

120.37(13)

118.26(10)
121.15(10)
118.45(13)
126.23(11)
115.28(10)
120.84(13)
117.80(10)
121.36(10)
117.88(14)
126.10(11)
115.78(10)
121.21(16)
120.21(18)
118.06(17)
116.47(9)
116.13(10)
104.1(18)
76(2)
69(3)
109(3)
54(2)

56(3)
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H(7A)-O(7B)-H(7B) 89(3)

N(1)-Co(1)-N(3) 173.17(5)
N(1)-Co(1)-0(3) 97.96(5)
N(3)-Co(1)-0(3) 77.06(5)
N(1)-Co(1)-0(1) 77.00(5)
N(3)-Co(1)-O(1) 99.21(5)
0(3)-Co(1)-0(1) 101.13(5)
N(1)-Co(1)-N(2) 75.35(5)
N(3)-Co(1)-N(2) 109.25(5)
0(3)-Co(1)-N(2) 92.34(5)
0(1)-Co(1)-N(2) 150.63(5)
N(1)-Co(1)-N(4) 110.63(5)
N(3)-Co(1)-N(4) 75.06(5)
0(3)-Co(1)-N(4) 150.20(5)
0(1)-Co(1)-N(4) 93.55(5)

N(2)-Co(1)-N(4) 87.07(5)




Anisotropic displacement parameters (A*2 x 1073) for tf002

The anisotropic displacement factor exponent takes the form:

-2 pif2[hh2a*M2 Ull+...+2hka*b*U12]
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U1l  U22 U333 U23  U13  U12
C(1) 11(1) 11(1) 14(1) -4(1) -5(1) 0(1)
C(2) 11(1) 11(1) 12(1) -4(1) -5(1) 0(1)
C(3) 14(1) 13(1) 13(1) -4(1) -7(1) 0(1)
C(4) 12(1) 11(1) 11(1) -1(1) -5(1) -1(1)
C(5) 13(1) 10(1) 12(1) -2(1) -6(1) -1(1)
c(6) 11(1) 10(1) 11(1) -3(1) -4(1) -1(1)
C(7) 10(1) 12(1) 11(1) -2(1) -5(1) 0(1)
c(8) 13(1) 13(1) 15(1) -5(1) -7(1)  1(1)
C(9) 20(1) 17(1) 22(1) -10(1) -11(1)  2(1)
C(10) 22(1) 21(1) 19(1) -10(1) -13(1)  1(1)
C(11) 17(1) 19(1) 14(1) -5(1) -10(1)  1(1)
C(12) 13(1) 11(1) 13(1) -1(1) -7(1) -1(1)
C(13) 14(1) 15(1) 13(1) -3(1) -6(1) 0(1)
C(14) 17(1) 18(1) 13(1) -2(1) -7(1) -5(1)
C(15) 19(1) 16(1) 17(1) 2(1) -12(1) -4(1)
C(16) 22(1) 13(1) 22(1) -3(1) -14(1) 2(1)
C(17) 19(1) 13(1) 16(1) -4(1) -10(1)  1(1)
C(18) 12(1) 12(1) 14(1) -6(1) -6(1)  2(1)
C(19) 11(1) 11(1) 13(1) -5(1) -5(1)  1(1)
C(20) 12(1) 12(1) 12(1) -3(1) -5(1) -1(1)
C(21) 14(1) 10(1) 11(1) -3(1) -6(1) 0(1)



C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(38)
N(1)
N(2)
N(3)
N(4)
N(5)
0(1)
0(2)
0(3)
0(4)

o(5)

11(1)
13(1)
13(1)
13(1)
14(1)
20(1)
18(1)
13(1)
14(1)
19(1)
25(1)
20(1)
15(1)
20(1)
29(1)
52(1)
10(1)
13(1)
11(1)
15(1)
26(1)
15(1)
23(1)
13(1)
12(1)

31(1)

12(1)
11(1)
11(1)
12(1)
17(1)
16(1)
13(1)
13(1)
17(1)
21(1)
17(1)
14(1)
15(1)
24(1)
46(1)
18(1)
11(1)
13(1)
10(1)
10(1)
19(1)
12(1)
14(1)
12(1)
17(1)

22(1)

12(1)
10(1)
10(1)
14(1)
17(1)
16(1)
14(1)
12(1)
14(1)
12(1)
18(1)
23(1)
15(1)
21(1)
29(1)
56(2)
12(1)
13(1)
11(1)
13(1)
29(1)
15(1)
19(1)
16(1)
18(1)

31(1)

-4(1)
-4(1)
-4(1)
-5(1)
-6(1)
-2(1)
-2(1)

-1(1)

-2(1)
1(1)
3(1)
-2(1)

-3(1)

-10(1)
-24(1)
-11(1)
-3(1)
-3(1)
-3(1)
-3(1)
-11(1)
-3(1)
-7(1)
-2(1)
-3(1)

-10(1)

-6(1)
-5(1)
-5(1)
-6(1)
-5(1)
-5(1)
-6(1)
-7(1)
-5(1)
-6(1)
-14(1)

-14(1)

-7(1)
-11(1)
-14(1)

-35(1)

-5(1)
-7(1)
-5(1)
-6(1)
-16(1)
-8(1)
-12(1)
-8(1)
-5(1)

-20(1)

1(1)
1(1)
0(1)

0(1)

-3(1)
-7(1)
-2(1)
-2(1)
-3(1)

-7(1)

-6(1)

0(1)

-1(1)

0(1)
6(1)

1(1)

-1(1)

1(1)
1(1)
0(1)
3(1)
2(1)
1(1)

2(1)

-1(1)

8(1)
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0(6) 45(1) 50(1) 61(1) -27(1) -24(1) 14(1)
0(7) 37(1) 25(1) 34(1) 0(1) -23(1) -11(1)

Co(1) 12(1) 10(1) 11(1) -2(1) -6(1) 1(1)
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Hydrogen coordinates ( x 10°4) and isotropic displacement parameters (A”2 x 10°3)

for tf002

X y z U(eq)
H(3) 3565 6145 3695 15
H(5) 4324 3636 2157 15
H(8) 4040 3261 742 17
H9) 3618 3052 -738 22
H(10) 2670 4684  -1884 23
H(11) 2230 6471  -1553 20
H(13) 3572 4709 5297 17
H(14) 4319 3351 6744 19
H(15) 5676 1670 6375 21
H(16) 6273 1357 4536 22
H(17) 5550 2710 3074 19
H(20) 3578 10732  -3827 15
H(22) -124 10459  -2059 14
H(25) -1547 9450 -313 15
H(26) -2841 8178 1440 19
H(27) -1927 6519 2590 21
H(28) 210 6215 2006 19
H(30) 2981 11170  -5483 19
H(31) 2563 12612  -7109 22
H(32) 846 14063  -6762 24
H(33) -519 14011  -4784 22
H(34) -185 12501  -3150 18



H(35)
H(36A)
H(36B)
H(36C)
H(38A)
H(38B)
H(38C)
H(6A)
H(6B)
H(7A)

H(7B)

7932
10004
9904
10954
8847
10287
9296
5185(15)
4150(20)
6390(30)

7110(30)
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25

48

48

48

57

57

57

9000(18) 17

10097(9)  42(7)

7880(30) 51(8)

2986 4721
3613 1778
2421 1687
2463 2068
1163 4977
1047 4103
713 3847

532(14)

1020(20)

-670(20)
0(30)

7910(30)

66(10)




Torsion angles [deg] for tf002
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0(2)-C(1)-C(2)-N(1)
0(1)-C(1)-C(2)-N(1)
0(2)-C(1)-C(2)-C(3)
0(1)-C(1)-C(2)-C(3)
N(1)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(12)
C(3)-C(4)-C(5)-C(6)
C(12)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-N(1)
C(4)-C(5)-C(6)-C(7)
N(1)-C(6)-C(7)-N(2)
C(5)-C(6)-C(7)-N(2)
N(1)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(8)
N(2)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-N(2)
C(5)-C(4)-C(12)-C(13)
C(3)-C(4)-C(12)-C(13)
C(5)-C(4)-C(12)-C(17)

C(3)-C(4)-C(12)-C(17)

179.47(14)
1.10(19)

0.2(2)

-178.20(15)

1.0(2)

-179.79(14)

0.3(2)

-179.05(14)

-1.8(2)
177.61(14)

2.0(2)

-175.32(14)

1.43(19)

178.95(15)

-176.85(14)

0.7(2)
-1.3(2)
176.88(15)
-0.1(2)
1.0(3)
-0.7(3)
-157.58(15)
21.8(2)
21.9(2)

-158.77(15)



C(17)-C(12)-C(13)-C(14)
C(4)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(12)
C(13)-C(12)-C(17)-C(16)
C(4)-C(12)-C(17)-C(16)
0(4)-C(18)-C(19)-N(3)
0(3)-C(18)-C(19)-N(3)
0(4)-C(18)-C(19)-C(20)
0(3)-C(18)-C(19)-C(20)
N(3)-C(19)-C(20)-C(21)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(19)-C(20)-C(21)-C(29)
C(20)-C(21)-C(22)-C(23)
C(29)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-N(3)
C(21)-C(22)-C(23)-C(24)
N(3)-C(23)-C(24)-N(4)
C(22)-C(23)-C(24)-N(4)
N(3)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-C(25)
N(4)-C(24)-C(25)-C(26)

C(23)-C(24)-C(25)-C(26)

0.7(2)

-179.83(14)

-0.4(2)
-0.2(2)
0.4(3)
-0.1(3)

-0.4(2)

-179.91(15)

-172.91(14)

8.58(19)

8.3(2)

-170.21(15)

0.5(2)
179.17(14)

0.9(2)

-177.33(14)

-1.6(2)
176.61(14)

1.0(2)

-175.82(14)

-4.55(19)
172.51(14)
177.00(14)
-5.9(2)
-0.2(2)

178.15(14)
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C(24)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-N(4)
C(22)-C(21)-C(29)-C(30)
C(20)-C(21)-C(29)-C(30)
C(22)-C(21)-C(29)-C(34)
C(20)-C(21)-C(29)-C(34)
C(34)-C(29)-C(30)-C(31)
C(21)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(29)
C(30)-C(29)-C(34)-C(33)
C(21)-C(29)-C(34)-C(33)
C(3)-C(2)-N(1)-C(6)
C(1)-C(2)-N(1)-C(6)
C(3)-C(2)-N(1)-Co(1)
C(1)-C(2)-N(1)-Co(1)
C(5)-C(6)-N(1)-C(2)
C(7)-C(6)-N(1)-C(2)
C(5)-C(6)-N(1)-Co(1)
C(7)-C(6)-N(1)-Co(1)
C(10)-C(11)-N(2)-C(7)
C(10)-C(11)-N(2)-Co(1)

C(8)-C(7)-N(2)-C(11)

-1.7(2)
1.3(2)
0.9(3)
-138.28(16)
39.9(2)
40.1(2)
-141.75(16)
-0.1(2)
178.31(15)
2.2(3)
-2.0(3)
-0.3(3)
2.4(2)
-2.2(2)
179.40(15)
-0.8(2)
179.89(13)
-175.47(12)
5.21(17)
-0.7(2)
176.93(13)
173.80(11)
-8.55(17)
-0.6(2)
176.93(13)

1.6(2)
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C(6)-C(7)-N(2)-C(11)
C(8)-C(7)-N(2)-Co(1)
C(6)-C(7)-N(2)-Co(1)
C(20)-C(19)-N(3)-C(23)
C(18)-C(19)-N(3)-C(23)
C(20)-C(19)-N(3)-Co(1)
C(18)-C(19)-N(3)-Co(1)
C(22)-C(23)-N(3)-C(19)
C(24)-C(23)-N(3)-C(19)
C(22)-C(23)-N(3)-Co(1)
C(24)-C(23)-N(3)-Co(1)
C(27)-C(28)-N(4)-C(24)
C(27)-C(28)-N(4)-Co(1)
C(25)-C(24)-N(4)-C(28)
C(23)-C(24)-N(4)-C(28)
C(25)-C(24)-N(4)-Co(1)
C(23)-C(24)-N(4)-Co(1)
0(5)-C(35)-N(5)-C(36)
0(5)-C(35)-N(5)-C(38)
0(2)-C(1)-0(1)-Co(1)
C(2)-C(1)-0(1)-Co(1)
0(4)-C(18)-0(3)-Co(1)
C(19)-C(18)-0(3)-Co(1)
C(2)-N(1)-Co(1)-N(3)
C(6)-N(1)-Co(1)-N(3)

C(2)-N(1)-Co(1)-0(3)

-176.70(14)

-176.20(12)

5.48(17)
-1.1(2)
-179.95(13)
179.13(11)
0.28(16)
0.3(2)
177.55(13)
-179.91(11)
-2.69(17)
-2.7(2)
171.34(12)
2.3(2)
-176.16(13)
-172.36(11)
9.17(16)
3.0(3)
174.63(19)
175.25(13)
-6.54(17)
168.60(13)
-13.04(16)

50.3(5)

-124.3(4)

93.10(12)



C(6)-N(1)-Co(1)-0(3)
C(2)-N(1)-Co(1)-0(1)
C(6)-N(1)-Co(1)-0(1)
C(2)-N(1)-Co(1)-N(2)
C(6)-N(1)-Co(1)-N(2)
C(2)-N(1)-Co(1)-N(4)
C(6)-N(1)-Co(1)-N(4)
C(19)-N(3)-Co(1)-N(1)
C(23)-N(3)-Co(1)-N(1)
C(19)-N(3)-Co(1)-0(3)
C(23)-N(3)-Co(1)-0(3)
C(19)-N(3)-Co(1)-0(1)
C(23)-N(3)-Co(1)-0(1)
C(19)-N(3)-Co(1)-N(2)
C(23)-N(3)-Co(1)-N(2)
C(19)-N(3)-Co(1)-N(4)
C(23)-N(3)-Co(1)-N(4)
C(18)-0(3)-Co(1)-N(1)
C(18)-0(3)-Co(1)-N(3)
C(18)-0(3)-Co(1)-0(1)
C(18)-0(3)-Co(1)-N(2)
C(18)-0(3)-Co(1)-N(4)
C(1)-0(1)-Co(1)-N(1)
C(1)-0(1)-Co(1)-N(3)
C(1)-0(1)-Co(1)-0(3)

C(1)-0(1)-Co(1)-N(2)

-81.53(12)
-6.55(11)

178.81(12)

-176.55(12)

8.81(11)
-95.46(12)
89.91(12)
38.5(5)
-141.3(4)
-5.15(11)
175.09(12)
94.25(11)
-85.51(12)
-93.10(12)
87.14(12)
-174.51(12)
5.73(11)
-164.93(11)
10.32(11)
-86.70(11)
119.54(11)
31.35(16)

7.19(11)

-167.03(11)

-88.52(11)

27.22(17)
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C(1)-0(1)-Co(1)-N(4)

C(11)-N(2)-Co(1)-N(1)
C(7)-N(2)-Co(1)-N(1)

C(11)-N(2)-Co(1)-N(3)
C(7)-N(2)-Co(1)-N(3)

C(11)-N(2)-Co(1)-0(3)
C(7)-N(2)-Co(1)-0(3)

C(11)-N(2)-Co(1)-0(1)
C(7)-N(2)-Co(1)-0(1)

C(11)-N(2)-Co(1)-N(4)
C(7)-N(2)-Co(1)-N(4)

C(28)-N(4)-Co(1)-N(1)
C(24)-N(4)-Co(1)-N(1)
C(28)-N(4)-Co(1)-N(3)
C(24)-N(4)-Co(1)-N(3)
C(28)-N(4)-Co(1)-0(3)
C(24)-N(4)-Co(1)-0(3)
C(28)-N(4)-Co(1)-0(1)
C(24)-N(4)-Co(1)-0(1)
C(28)-N(4)-Co(1)-N(2)

C(24)-N(4)-Co(1)-N(2)

117.55(11)
174.96(14)
-7.42(11)
-10.31(15)
167.31(10)
-87.42(14)
90.20(11)
154.77(12)
-27.61(17)

62.75(14)

-119.63(11)

-6.21(14)

167.96(10)
177.76(14)
-8.07(10)

156.54(12)
-29.29(16)
-83.64(13)
90.53(11)
66.95(13)

-118.88(11)
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Hydrogen bonds

Donor - H....Acceptor[ ARU] D-H H..A D..A D-H...A
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0o(6)
0(6)
0o(7)

0o(7)

~H(6A) .O(7) [ ] 1.031(19) 2.11(2) 3.130(3) 169.3(16)
—-H(6B) ..0(7) [ 2657.03] 1.019(11) 1.811(11) 2.808(3) 165(2)
—-H(7A) ..0(4) [ 1546.01] 0.87(4) 1.99(4) 2.852(3) 168(3)

—-H(7B) ..0(2) [ 2666.01] 0.85(4) 1.99(4) 2.818(2) 164(4)



Appendix 3: NMR Spectra
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